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ABSTRACT 
A Tribological and Biomimetic Study of Potential Bone Joint Repair Materials. 
(December 2006) 
Rahul Ribeiro, B.E., Marine Engineering and Research Institute, India;  
M.S., Mechanical Engineering, Texas A&M University 
Chair of Advisory Committee: Dr. Hong Liang 
  
This research investigates materials for bone-joint failure repair using 
tribological and biomimicking approaches. The materials investigated represent three 
different repairing strategies. Refractory metals with and without treatment are 
candidates for total joint replacements due to their mechanical strength, high corrosion 
resistance and biocompatibility. A composite of biodegradable polytrimethylene 
carbonate, hydroxyl apatite, and nanotubes was investigated for application as a tissue 
engineering scaffold. Non-biodegradable polymer polyimide combined with various 
concentrations of nanotubes was investigated as a cartilage replacement material. 
A series of experimental approaches were used in this research. These include 
analysis of material surfaces and debris using high-resolution techniques and tribological 
experiments, as well as evaluation of nanomechanical properties. Specifically, the 
surface structure and wear mechanisms were investigated using a scanning electron 
microscope and an atomic force microscope. Debris morphology and structure was 
investigated using a transmission electron microscope. The debris composition was 
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analyzed using an X-ray diffractometer. Nanoindentation was incorporated to investigate 
the surface nanomechanical properties. 
Polytrimythelene carbonate combined with hydroxyapatite and nanotubes 
exhibited a friction coefficient lower than UHMWPE. The nanoindentation response 
mimicked cartilage more closely than UHMWPE. 
A composite formed with PI and nanotubes showed a varying friction coefficient 
and varying nanoindentation response with variation in nanotube concentration. Low 
friction coefficients corresponded with low modulus values. A theory was proposed to 
explain this behavior based on surface interactions between nanotubes and between 
nanotubes and PI. A model was developed to simulate the modulus as a function of 
nanotube concentration. 
The boronized refractory metals exhibited brittleness and cracking. Higher 
friction coefficients were associated with the formation of amorphous debris. The 
friction coefficient for boronized Cr (~0.06) under simulated body fluid conditions was 
in the range found in natural joints.  
 
 
 
 
 
 
 
 v
ACKNOWLEDGEMENTS 
The directions taken in my life and the overall success obtained in completing 
this dissertation was not achieved alone. Several individuals played an informative and 
supportive role. 
 I would first and foremost like to acknowledge my creator Almighty God for this 
wonderful life and interesting experience on earth. My parents played a very important 
role of selflessness and love, without which I would not have been as fortunate as I have. 
My dear siblings Sarita and Vinay were constant sources of support, love and 
encouragement throughout my life. 
I’d like to acknowledge the work and effort put in by all teachers, tutors and 
mentors throughout my schooling that went into educating and moulding me into the 
person that I am today. 
During my undergraduate days, the four years spent at the Marine Engineering 
and Research Institute at Kolkata, India prepared me for a life in the open, real world. 
The institution trained me and my fellow students to work as engineers on board 
merchant marine vessels. 
My graduate studies, comprising a Master of Science in Mechanical Engineering 
and a Doctor of Philosophy degree in Materials Science and Engineering were both 
obtained at Texas A&M University, College Station, Texas. Several individuals and the 
high standard of educational facilities at this university were instrumental in achieving 
these prestigious qualifications. 
 vi
I am grateful to my Master of Science advisor, Dr. Roger Morgan for his 
mentoring and financial support. I also wish to thank the other members of my Master of 
Science committee, Dr. H. J. Sue and Dr. John Whitcomb, for their guidance and support. 
I am ever grateful to my PhD. Advisor, Dr. Hong Liang for giving me an 
opportunity to work on this project. I thank her for her financial support and mentoring 
throughout. Her constant guidance and ever willingness to help has got me where I am. 
I also thank other members of my committee, Dr. Terry Creasy, Dr. Andreas Holzenburg 
and Dr. Harry Hogan for agreeing to serve on my committee and for their guidance and 
support. 
I wish to acknowledge Dr. Donald Darensbourg of the Chemistry department, 
Texas A&M University for serving as a substitute on my PhD. Committee and his 
students Poulomi Ganguly and Wonsook Choi for help in preparing polymeric 
composite samples. 
I wish to acknowledge Dr. Zoubeida Ounaies and her graduate student colleague 
Sumanth of the Aerospace Engineering department, Texas A&M University for support 
with sample preparation. 
All my research colleagues helped me in some capacity or other towards my 
learning and progress towards my degree and I acknowledge their support. 
I also wish to acknowledge members of the Microscopy and Imaging Center, Dr. 
Zhiping Luo, Ann Ellis, Rick Littleton, Dr. Michael Pendleton and Tom Stephens for 
training and support with electron microscopy equipment. I wish to thank Dr. N. S. 
 vii
Bhuvanesh for help with X-ray diffraction and Yulia Vasilyeva for help with 
nanoindentation. 
Last but not the least, I wish to acknowledge the support of the funding agencies, 
NSF (CMS-0239136), Texas Engineering and Experiment Station and Texas A&M 
University. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 viii
TABLE OF CONTENTS                            
            Page                    
ABSTRACT………………………………………………………………………………. iii 
ACKNOWLEDGEMENTS……………………………………………………………….. v 
TABLE OF CONTENTS…………………………………………………………………. viii 
LIST OF FIGURES……………………………………………………………………….. x 
LIST OF TABLES………………………………………………………………………… xiii 
CHAPTER I INTRODUCTION TO BIOMATERIALS AND BONE JOINT REPAIR…. 1 
A. Bone and Bone Joints ................................................................................................... 2 
B. Cartilage........................................................................................................................ 5 
C. Arthritis......................................................................................................................... 7 
D. Techniques of Joint Repair........................................................................................... 8 
1. Restoration of degenerated cartilage ....................................................................... 8 
2. Total joint replacement............................................................................................ 8 
3. Tissue engineering and gene therapy ...................................................................... 10 
4. Cartilage replacement.............................................................................................. 11 
E. Tribology....................................................................................................................... 12 
1. Friction .................................................................................................................... 13 
2. Wear ........................................................................................................................ 14 
3. Lubrication .............................................................................................................. 16 
CHAPTER II MOTIVATION AND APPROACH……………………………………….. 21 
A. Increasing Life of Joint Prostheses............................................................................... 21 
B.Improving Cartilage Tissue Engineering....................................................................... 24 
C. Development of an Artificial Articular Cartilage......................................................... 24 
D. Research Goals ............................................................................................................. 25 
E. Approach....................................................................................................................... 28 
CHAPTER III MATERIALS…………………………………………………………….. 30 
A. Human Cartilage and Bone........................................................................................... 30 
B. Refractory Metals and Boronizing ............................................................................... 35 
C. Ti6Al4V Alloy and Bearing Steel E52100................................................................... 38 
D. Biocompatible Polymers and their Characteristics ...................................................... 39 
E. Simulated Synovial Fluid (SSF) ................................................................................... 46 
CHAPTER IV EXPERIMENTAL TECHNIQUES………………………………………. 48 
A. Friction ......................................................................................................................... 48 
B. Debris Characterization ................................................................................................ 50 
C. Surface Characterization............................................................................................... 53 
D. Material Composition................................................................................................... 57 
 ix
 
E. Nanomechanical Properties .......................................................................................... 58 
Page 
CHAPTER V RESULTS………………………………………………………………….. 61 
A. Polymer Based Materials.............................................................................................. 61 
1. Multiphase polymeric composite ............................................................................ 61 
2. Polyimide-SWNT composite .................................................................................. 65 
B. Metals for Total Joint Replacement.............................................................................. 78 
1. Pure and boronized chromium ................................................................................ 78 
2. Boronized Niobium................................................................................................. 83 
3. Boronized Tantalum................................................................................................ 89 
4. Comparison of wear and friction of Ti6Al4V, Ta, Nb, boronized Ta and Nb........ 95 
CHAPTER VI DISCUSSION…………………………………………………………….. 105 
A. Polymer Composite for Tissue Engineering................................................................. 105 
B. Polyimide-SWNT Composite....................................................................................... 107 
C. Metals for Total Joint Replacement.............................................................................. 113 
1. Chromium and boronized chromium ...................................................................... 113 
2. Boronized niobium.................................................................................................. 115 
3. Boronized tantalum ................................................................................................. 116 
4. Comparison of wear and friction of Ti6Al4V, Ta, Nb, boronized Ta, boronized 
Nb ........................................................................................................................... 117 
CHAPTER VII CONCLUSIONS…………………………………………………………. 119 
A. Summary of Biomaterial Properties ............................................................................. 119 
B. Contributions to Fundamental Understanding of Tribological and Biomimetic 
Performance ................................................................................................................. 120 
1. Nanomechanical properties ..................................................................................... 120 
2. Interfacial properties of a nanocomposite ............................................................... 121 
3. Debris formation and wear mechanisms ................................................................. 121 
C. Future Suggestions........................................................................................................ 121 
REFERENCES……………………………………………………………………………. 122 
VITA………………………………………………………………………………………. 141 
 
 
 
 
 
 
 
 
 
 
 x
LIST OF FIGURES 
 
FIGURE                                                                                                                        Page 
1.1 Joint movements……………………………………………………………. 4
1.2 Synovial joint (knee joint shown)………………………………………….. 6
1.3 Total hip replacement………………………………………………………. 9
1.4 Frictional force between two sliding surfaces……………………………… 13
1.5 Different wear modes………………………………………………………. 15
1.6 Lubrication modes………………………………………………………….. 19
2.1 Proposed future transition from a total joint replacement, to a cartilage 
replacement…………………………………………………………………
. 
27
2.2 Proposed artificial cartilage composite material affixed to bone…………... 28
3.1 Cartilage zones (not drawn to scale)……………………………………….. 32
3.2 Proteoglycan aggregate molecule…………………………………………... 33
3.3 Cross section of bone near the joint………………………………………... 34
3.4 Approximate dimensions of cartilage-bone samples used in the tribotests... 35
3.5 Chemical structure of polytrimethylene carbonate (PTMC)……………….. 41
3.6 Chemical structure of polyimide…………………………………………… 42
3.7 Schematic of carbon nanotube synthesis…………………………………… 43
3.8 Synthesis of polyimide……………………………………………………... 45
4.1 Schematic of tribometer tests………………………………………………. 49
4.2 Schematic of a transmission electron microscope (TEM)…………………. 52
4.3 Schematic of an AFM………...……………………………………………. 54
   
 xi
FIGURE 
 
Page
4.4 Schematic of a scanning electron microscope……………………………… 56
4.5 Schematic of an X-ray diffractometer……………………………………… 58
4.6 Schematic of nanoindenter…………………………………………………. 59
4.7 Nano-indentation load-time curve………………………………………….. 60
5.1 Nanoindentation load-depth curves of PTMC+HAP+NT, cartilage, bone 
and UHMWPE……………………………………………………………... 
 
62
5.2 Average coefficient of friction for tested materials………………………... 63
5.3 AFM topography (L) and phase (R) images…………………...…………... 64
5.4 Nano-triboindenter tip……………………………………………………… 66
5.5 Stress-indentation depth plots for PI + NT, cartilage and UHMWPE........... 67
5.6 Stress-indentation depth plot for UHMWPE ..…………………………….. 68
5.7 COF versus %SWNT for PI+NT against cartilage and Ti6Al4V………….. 69
5.8 TEM images of SWNT+PI composite (200 kV working 
voltage)……………………………………………..………………………. 
 
70
5.9 Wear track of PI+NT against Ti6Al4V under dry conditions (AFM)…..….. 73
5.10 X-ray diffraction pattern of the unworn boronized Cr surface……………... 78
5.11 Coefficient of friction against number of cycles…………………………… 80
5.12 SEM images of wear tracks (secondary electron, 15 kV, 39 mm 
WD)………………………………………………………............................ 
 
82
5.13 TEM image debris obtained from SBF condition tests…………………….. 83
5.14 Coefficient of friction vs. cycles for boronized niobium against E52100 
steel…………………………………………………………………………. 
 
84
5.15 AFM image and roughness values of unworn boronized niobium surface.... 85
 xii
FIGURE     Page
5.16 SEM image of boronized niobium wear track against E52100 (secondary 
electron, 15 kV, 39 mm WD)………………………………………………. 
85
5.17 X-ray diffraction pattern…………………………………….……………… 87
5.18 TEM of wear debris from dry and SBF tests (boronized niobium, 200 kV 
working voltage)…………………………………………………………… 88
5.19 Coefficient of friction against cycles for boronized tantalum against 
E52100……………………………………………………………………... 90
5.20 AFM image and roughness of unworn boronized tantalum surface…..…… 91
5.21 SEM image showing cracks perpendicular to sliding direction for dry test 
(boronized tantalum, secondary electron, 15 kV, 39 mm WD)……………. 91
5.22 SEM image under SBF conditions (boronized tantalum, secondary 
electron, 15 kV, 39 mm WD)………………………………………………. 
92
5.23 X-ray diffraction pattern for boronized tantalum …………………..……… 93
5.24 TEM image of wear debris from boronized Ta (inset: diffraction pattern, 
200 kV working voltage)…………………………………………………… 95
5.25 AFM image and roughness values for Ti6AL4V alloy…………………….. 97
5.26 Coefficient of friction against cycles………………………………………. 99
5.27 AFM topography (L) and phase (R) images of wear track………………… 101
5.28 Average coefficient of friction of tested metals against UHMWPE……….. 104
6.1 Stress change per nm indentation versus %NT in PI………………………. 109
6.2 Interfacial sliding of undeformed nanotubes……………………………….. 112
6.3 Interfacial sliding of deformed nanotubes………………………………….. 113
 
 xiii
LIST OF TABLES 
TABLE                                                                                                                          Page 
1.1 Classification of biomaterials………………………………………………………2 
1.2 Major components or cartilage and their composition……………………………..7 
3.1 Ionic concentrations in SBF………………………………………………………47 
3.2  Chemicals included in SBF……………………………………………………….47 
5.1    Nanotube concentration, specific force, and modeled coefficients.……………..109 
6.1  Properties of Nb, boronized Nb and E52100…………………………………….114 
6.2  Properties of Ta, boronized Ta and E52100……………………………………..116 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1
CHAPTER I 
INTRODUCTION TO BIOMATERIALS AND BONE JOINT REPAIR 
A biomaterial is defined as “a nonviable material used in a medical device, 
intended to interact with biological systems” 1. 
Over the years, synthetic biomaterials have been applied in various medical 
treatment areas, namely dentistry 2, 3, plastic surgery  4,5, cardiology 6,7, orthopaedics 8, 9, 
and tissue engineering 10, 11. 
A biomaterial needs to possess certain properties depending on its application 
and desired function. Four broad categorical requirements of a biomaterial are 12. 
• Biocompatible - The material should be well accepted by the body and should 
not incite a negative response from the host. 
• Sterilizable - It must be able to undergo sterilization. Common techniques to 
sterilize materials are bombarding with gamma rays, ethylene oxide gas and 
steam autoclaving. 
• Functional- The material should have the ability to be shaped and tailored to 
meet required functions. This depends on the molecular structure. 
• Manufacturable - The material should be able to be manufactured by techniques 
that are cost and time effective. Being able to be manufactured by already 
developed techniques would be a great advantage. 
Biomaterials can also be classified as i) biological and ii) synthetic. Further sub-
classifications are biomaterials for soft and hard tissue. Finally based on the material 
This dissertation follows the style of the Journal of Materials Research. 
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type, they can be classified as metallic, polymeric, ceramic and composites as listed in 
Table 1.1. 
 
TABLE 1.1. Classification of biomaterials. 
Material source Material type Examples 
Biological Soft tissue skin, ligament, cornea 
 Hard tissue bone, teeth, nails 
Synthetic Polymeric Ultrahigh molecular weight polyethylene (UHMWPE), Polymethylmethacrylate (PMMA) 
 Metallic Stainless steel, Co-Cr- Mo alloy, Titanium alloys 
 Ceramic Alumina (Al2O3), Zirconia (ZrO2). 
 Composite Carbon fiber (CF)/poly ether etherketone (PEEK), CF/UHMWPE 
 
 
A. BONE AND BONE JOINTS 
As stated by Currey 13, bone of present day mammals and birds is a stiff skeletal 
material made principally of the fibrous material called collagen. This is impregnated 
with a mineral closely resembling calcium phosphate. Acting together with the intestine 
and kidney, bone contributes to regulate calcemia. Along with this metabolic activity, 
bone is devoted to important mechanical functions. The hardness, moderate elasticity, 
plasticity and brittleness of bone, make it an ideal tissue for standing and moving, and 
for the insertion of muscles. They form levers for movement, and also protect soft 
tissues and organs 14. Cavities in the center of bones serve as containers of red blood 
cells, as a marrow producer and its storage. Bony tissues of the entire body are a huge 
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warehouse of minerals to be tapped by the body in response to different physiological 
needs 15. The skeleton and its individual elements provide a framework or scaffolding 
that supports the soft tissues of the body and permits them to function without collapsing. 
The skeleton acts as armor, shielding important soft tissues from damage. The joints and 
spongy bone tissue in the skeleton function as shock absorbers, modulating the impacts 
produced by locomotion and other movements and supports the soft tissues of the body. 
Bones act as levers or struts, to be pulled upon by muscles, producing movement and 
locomotion. Contracting muscles anchored to bones, which in turn are articulated with 
other bones at joints, produce movement or action. The different actions that can be 
produced by bones are flexion, which decreases the angle at a joint, extension, which 
increases the angle, rotation, which rotates a bone, gliding, which is the movement of 
one bone past another, circumduction, which causes a bone to pivot about the joint and 
form the base of a cone at the distal end, abduction, which moves a bone away from the 
body midline, and adduction, which moves the bone towards the body midline 15 (Fig. 
1.1). 
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Wrist joint 
Elbow joint Adduction 
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Wrist joint 
Elbow joint 
Shoulder  joint 
FIG. 1.1. Joint movements 
 
 
 
A bone joint is formed at the end of two or more bones that are connected by 
tissues. The functions of the joint are to provide movement and stability. Joints resist 
some forces to prevent certain motions and allow other forces to act upon them. Joints 
are classified according to their structure, namely, fibrous, cartilaginous, synovial 16. 
In fibrous joints, the bones are connected by a dense, fibrous tissue called 
ligament. These joints do not allow much movement 16. 
Two types of cartilaginous joints exist. They are synchondrosis (bones fused by 
hyaline cartilage) and symphyses (joint in which bones are joined by fibrous cartilage) 16.  
Synovial joints have the greatest degree of mobility 16. They possess a joint 
cavity which is enclosed by a strong fibrous capsule and lined by a synovial membrane 
17. The synovial membrane secretes the synovial fluid which flows over the surfaces of 
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the joint, acting as both a lubricant, and a nutrient 16. Each bone end is covered by 
articular cartilage. The synovial membrane is attached to the articular cartilage and 
forms a bridge between the bones of the joint (Fig. 1.2). 
B. CARTILAGE 
Cartilage is the evolutionary tissue of majority of bone. In an adult human, 
cartilage is present in the larynx, trachea, nose, ears, and ribs 17. It is also present at the 
ends of long bones, forming articulating surfaces of bone joints. Cartilage consists of 
chondrocyte cells, embedded in an extracellular matrix. 
Cartilage is present in different forms. The three most common forms are 18: 
• 
• 
• 
Hyaline cartilage: It has a smooth glass-like surface. It is found in the ventral ends 
of ribs, in the tracheal rings, and covering the joint surfaces of bones (articular 
cartilage). The growth plate of bone is also composed of this type of cartilage. 
Elastic cartilage: It is found in the external ear, eustachian tubes, and epiglottis. It 
has greater opacity, flexibility, and elasticity than hyaline cartilage. Its extracellular 
matrix is permeated with dense, branching elastic fibers unique to this type of 
cartilage. 
Fibrocartilage: It occurs in intervertebral disks, the pubic symphysis, and in the 
bony attachments of certain tendons. It also may form when hyaline cartilage is 
damaged. 
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FIG. 1.2. Synovial joint (knee joint shown) 
 
 
This research focuses on articular cartilage. It is made up of hyaline (glassy) 
cartilage and is smooth, glistening and bluish white in appearance in the healthy 
condition 19. The appearance changes when it is diseased 19. There are two major and 
distinct phases present in articular cartilage. One is a fluid phase made up of water and 
electrolytes, and the other, a solid phase consisting of chondrocytes (cartilage cells), 
collagen fibrils, proteoglycans, and other glycoproteins 19. The percentage composition 
of major components in articular cartilage is given in Table 1.2 19. 
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TABLE 1.2. Major components of cartilage and their composition 19. 
Tissue Water Collagen II (wet wt.) Proteoglycan (wet wt.) 
Articular cartilage 60-85% 15-22% 4-7% 
 
 
C. ARTHRITIS 
Osteoarthritis (OA) is the joint disease with the highest prevalence worldwide 20. 
It is characterized by progressive loss of articular cartilage leading to chronic pain and 
functional restrictions 21. Causes of OA are trauma, genetic predisposition, and defective 
position of joints, ageing and malnutrition 22. There is progressive loss of articular 
cartilage followed by attempted repair, remodeling, sclerosis of subchondral bone and 
formation of osteophytes 23, 24. Subchondral cysts, or cavities have also been detected 25. 
Symptoms of the disease are pain, restriction of motion, joint subluxation, deformity, 
inflamation and malalignment 26, 27, 28. The most common causes of cartilage failure are: 
• Age: As age increases, cartilage cells synthesize smaller aggrecan molecules and 
less functional link proteins leading to deterioration of the tissue 29, 30 
• Dysplasia: Abnormal development or growth of tissues, organs, or cells 31, 32 
• Trauma: A serious bodily injury or shock, as from violence or an accident 33, 34 
• Genetic disorder: Hereditary abnormality 35 
• Osteopetrosis: Stiff subchondral bone leading to less damping of loads 36 
• Metabolic changes 37, 38 
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D. TECHNIQUES OF JOINT REPAIR 
1. Restoration of degenerated cartilage 
Surgeons have attempted to treat arthritic patients by penetrating the subchondral 
bone, to stimulate formation of a new articular surface 39, 40. Penetration causes a 
disruption of blood vessels, leading to the formation of a fibrin clot over the bone 
surface. Undifferentiated mesenchymal cells migrate into the clot, proliferate and 
differentiate into cells having morphological features of chondrocytes 41. In some 
instances, they form a fibrocartilagenous surface, but in others they fail to restore an 
articular surface. Examination of the new tissue formed by this method indicated that it 
lacks the structure, composition, mechanical properties and durability of articular 
cartilage 42, 33, 43. 
2. Total joint Replacement 
Joint prostheses initially began as a hemiartroplasty type with only one arthritic 
surface being replaced 44. The results were found to be unsatisfactory. In total joint 
replacements, the cartilage and part of the subchondral bone on either side of the joint is 
replaced by synthetic materials (Fig. 1.3). In the 1930’s Philip Wiles of Middlesex 
Hospital, England, designed and inserted the first Total Hip Replacements (THRs) 45. 
McKee, who was a trainee with Wilkes, developed various types of uncemented total hip 
replacements in the 1940’s and 1950’s 45. Haboush introduced polymethylmethacrylate 
as a bone cement in 1953 46. In the early 1950’s Sir John Charnley used Teflon as a 
resurfacing material for the femoral head and acetabular cup 47. The Teflon bearings 
wore out in two years and the wear particles were found to be harmful 48. In the early 
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1960’s, Charnley attempted replacing the acetabular socket with polyethylene 49. It was a 
major success and the use of metals and polyethylene as articulating materials in joint 
replacement is widely used even today. 
 
 
 
FIG.1.3. Total hip replacement 
Pelvic bone 
Pelvic insert 
Prostheses stem 
Femur
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In joint replacement surgery, the idea is to replace the diseased articular surface 
with one made from a synthetic material. This new joint surface is a part of the total 
artificial joint, which is itself fixed to the bone. The major design issues in artificial joint 
replacement are: the geometric and material design of the articulating surfaces and 
design of the interface between the artificial joint and the surrounding bone. 
Figure 3 shows the typical components found in a totally replaced hip joint. The 
two articulating surfaces are a metal ball called the femural head and ultra high 
molecular weight polyethylene (UHMWPE) liner. The part that interfaces with the bone 
is usually made of a metal alloy. There are two widely used methods for interfacing the 
joint with the bone 50. They are: using a polymethylmethacrylate (PMMA) cement to 
adhere the metal to the bone and using a porous metal surface to create a bone ingrowth 
interface. 
3. Tissue engineering and gene therapy 
Articular cartilage has limited capacity for self-repair, due to the lack of blood 
supply. Chondral injuries are usually found to exist entirely within the cartilage and do 
not penetrate into the subchondral bone 51, 52. Osteochondral injuries penetrate through 
the vascularized subchondral bone. In this case, some repair occurs as mesenchymal 
chondroprogenitor cells invade the lesion and form cartilage 51, 52. However, this tissue is 
transient and fibrous and does not have the functional properties of native hyaline 
cartilage 52. Tissue engineering is the process of replacing living tissue to restore, 
maintain or improve tissue function. It is a process of transplanting cells into a 
biocompatible, biodegradable scaffold that provides appropriate mechanical strength to 
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induce three-dimensional tissue growth. This construct can be implanted and should 
function, remodel and grow like native tissue.  
It has been stated by Tuli et al. 51 that studies incorporating hyluronan and 
collagen based natural biopolymeric scaffolds have shown promise, however there were 
problems with lot inconsistency and the potential for immunogenic problems. This has 
prompted investigators to focus mainly on synthetic polymer-based scaffolds, such as 
the poly-α-hydroxy esters 51. Freed et al. 53 have shown that the rates of chondrocyte 
proliferation and deposition of cartilage specific glycosaminoglycans are significantly 
higher on polyglycolic acid (PGA)-based scaffolds as compared to poly(L)lactic acid 
(PLA)-based scaffolds, while both polymers have been shown to promote proteoglycan 
(cartilage material component) synthesis at higher rates than collagen scaffolds 54.  
4. Cartilage replacement 
Natural cartilage is a porous material which contains approximately 60-85% by 
weight of water. Several authors have therefore studied the efficacy of using porous gels 
as artificial cartilage 55-58. These materials showed promising frictional and mechanical 
properties for use as artificial cartilage materials. Święszkowski et al. 59 studied a soft 
cryogel material, having shock absorbing properties, similar to cartilage. Freeman et al. 
58 investigated hydrogels with variable factors being applied load, lubrication, hydrogel 
crosslink density and degree of hydrogel hydration. Covert et al. 57 studied the friction 
characteristics of polyvinyl alcohol cryogel (PVA-c). 
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E. TRIBOLOGY 
Tribology is defined as the science of the mechanisms of friction, lubrication, 
and wear of interacting surfaces that are in relative motion. Three fundamental aspects 
related to tribology are 60: 
• The effect of the environment on surface characteristics through physical-
chemical interactions 
• The force generation and transmission between the surfaces in contact 
• The behavior of the material near the surface in response to the external forces 
acting at contact points on the surfaces 
Usually, the nature of the two surfaces in contact, have an effect on the friction 
and wear characteristics. The properties of the surface are usually different from those of 
the bulk. This is due to the significance of the electronic and atomic structures of 
surfaces as well as the common defects on and near the surface (e.g. disloations) 60. 
It is known that a solid surface is created through cracking or when a liquid 
solidifies 60. According to Suh 60, a surface is defined as an asymmetric boundary 
separating two areas. Generally, these areas are dominated by thermal energy and 
intermolecular forces61. The surface is an asymmetric boundary between two regions: 
one region has interatomic forces that are greater than the thermal energy of each atom 
so the atoms are closely packed (into the material). The other region is exposed to a fluid 
or vacuum with no near-neighbor interatomic interactions 61. Because of this asymmetry, 
the atoms of the outer surface layer experience different forces from those of the bulk. 
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As a consequence, the electronic structure at the surface is also different from that of the 
bulk. 
1. Friction 
 
 
FIG. 1.4. Frictional force between two sliding surfaces 
FN
Fp Ff 
FN: Normal load 
Fp: Applied force 
Ff: Friction force
Coefficient of friction
N
f
F
F
μ =
 
 
When two bodies are in contact and in relative motion, a finite force is required 
to maintain this motion due to the nature of the surfaces in contact. This force is the 
friction force between the two surfaces (Fig. 1.4). A coefficient of friction, usually 
designated by the Greek letter ‘µ’, is calculated by dividing the friction force by the 
normal force, µ=Ff/FN  (Fig. 1.4).  
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Friction force follows three basic laws put forth by Amontons (1663-1705) (i and 
ii) and Coulomb (1736-1806) (iii): i) It is proportional to the normal load on the surfaces 
in contact, ii) It is independent of the area of contact and iii) the kinetic friction is 
independent of the sliding speed and is less than the static friction. The true contact area 
is different from the bulk contact area due to the asperities on the surfaces. The smoother 
the surfaces, the larger will be the contact area. 
2. Wear 
Wear is the gradual removal of material from contacting surfaces in relative 
motion. In joint implants, the wear debris and hence the extent of wear of articulating 
surfaces is an important factor in their success. The higher the wear resistance, the more 
successful is the implant.  
There basic modes of wear are 61
•
•
•
•
•
•
•
 Abrasive wear, in which the ploughing effect of hard particles on one surface causes 
the removal of particles of equal or lower hardness form a contacting surface. 
 Adhesive wear, in which particles on one contacting surface sticks to the other 
surface and are torn off due to the sliding motion. 
 Erosive wear, in which wear takes place as a consequence of impact of particles of 
solid or liquid on a surface. 
 Cavitation wear, in which cyclic formation and collapse of bubbles on a surface in 
contact with a fluid, causes wear in the form of a series of holes or pits. 
 Fatigue wear, in which a variety of cyclic events initiates and propagates cracks. The 
cracks eventually cause a layer of material near the surface that is ejected as debris. 
 Fretting wear, in which wear takes place due to vibration of contacting surfaces or 
particles at small amplitudes (~1μm) 
 Tribochemical wear, in which there is a combined effect of mechanical, chemical 
and thermal processes occurring at the interface. The corrosiveness or reactivity of 
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the environment is generally enhanced due to these mechanical and thermal 
processes. Figure 1.5 illustrates the different modes of wear. 
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3. Lubrication 
Lubrication is the process of making a surface smooth or slippery and reducing 
the coefficient of friction. There are two basic types of lubrication.  
Boundary lubrication: In this form of lubrication, there is adsorption of a single 
monolayer of lubricant on each surface 62. This prevents direct surface to surface contact 
at an articulation and therefore minimizes wear (Fig. 1.6a). It is independent of the 
properties of the lubricating substance and the mechanical properties of the surfaces 
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involved. In synovial joints, it is believed that body serum albumin (BSA), in 
conjunction with surface-activated phosopholipid (SAP), plays the role of the adsorbed 
molecule 63. The coefficient of friction in a synovial joint is about 0.01 64. 
Fluid film lubrication: This involves a thin film of lubricant which increases the 
separation of the bearing surfaces. Load on the bearing surfaces is supported by the 
pressure in the fluid film. Two forms of fluid film lubrication are (Fig. 1.6a): 
• 
• 
• 
• 
• 
Hydrodynamic: This occurs when rigid bearing surfaces are not parallel and slide 
tangentially in relation to each other with the lubricant in between. A converging 
wedge of fluid forms as shown in Fig.1.6a. The viscosity of the lubricant within this 
wedge produces a lifting pressure 65. 
Squeeze film lubrication: This occurs when the bearing surfaces are moving 
perpendicular towards each other. The viscosity of the lubricant in the gap between 
the surfaces produces pressure which tends to force out the lubricant. This 
phenomenon provides the capability of carrying high loads for short lengths of time. 
Other types of lubrication specific to synovial joints are: 
Elastohydrodynamic (Fig. 1.6b): This occurs when the bearing surfaces are not rigid. 
The fluid pressure deforms the soft articular surfaces (Fig.1.6b). This deformation 
causes an increase in the surface area of the bearing surfaces. This reduces the escape 
of fluid from between the surfaces and means that the lubricating film lasts longer, 
increasing the load bearing capacity of the surfaces. 
Weeping/Self lubrication (Fig. 1.6c): The articular cartilage is filled with fluid, is 
porous and permeable and capable of exuding and imbibing lubrication fluid 66. As 
joint surfaces slide over one another, fluid is exuded by the cartilage in front of and 
beneath the leading half of the moving load. When pressures and strains are low, the 
articular catrilage is most permeable and the cartilage imbibes lubricating fluid. As 
they increase, the cartilage is less permeable and fluid is exuded. 
Boosted lubrication (Fig. 1.6c): During prolonged periods of standing, the fluid film 
tends to disappear due to the squeeze film mechanism. However lubrication is 
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maintained by boundary lubrication and ultrafiltrated Hyaluronic acid 
macromolecules 67. This is called boosted lubrication. 
The joint space is filled with a fluid called ‘synovial’ fluid. It is slightly yellow 
and viscid 48. It is secreted by the synovial membrane that surrounds the joint. The 
quantity of synovial fluid in the knee joint of a man may be as little as 0.2 ml 68. The 
fluid is a diasylate of blood plasma and contains electrolytes, cells, protein and 
mucopolysaccarides. It also contains hyaluronic acid with a high molecular weight 
(approximately 1.10 million) 69, which imparts a non-Newtonian viscosity to the fluid. 
Fluids from osteoarthritic joints have a more Newtonian behavior. In a total joint 
replacement, part of the synovial membrane is sometimes removed, to accommodate the 
implant, and therefore the quantity of synovial fluid secreted is reduced. The 
predominant lubrication modes are boundary and mixed 70. Proteins in the synovial fluid 
have an impact on the lubrication of natural and artificial joints. The goals of this thesis 
work are: 
• To investigate refractory metals and their coated counterparts as substitutes for 
currently used metals in joint replacements 
• Develop biomimetic and biocompatible polymeric composite materials that could 
possibly replace damaged cartilage without the necessity of a total joint 
replacement. 
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CHAPTER II 
MOTIVATION AND APPROACH 
A. INCREASING LIFE OF JOINT PROSTHESES 
The effects of wear and unnatural functional restoration provided by artificial 
joints are a major concern. The debris particles from the articulating surface lead to 
biological as well as mechanical complications. A lack of biomimetic behavior causes 
severe discomfort and immobility to the patient. 
One of the most common causes of total joint failure is prosthesis loosening 71. 
Causes of loosening may be septic (related to infection) or aseptic (sometimes called 
mechanical loosening) 72. Loosening causes severe pain to the patient and the implant 
needs to be replaced, a procedure known as revision. Septic loosening can be caused due 
to skin or airborne microsorganisms introduced during surgery and also due to the nature 
of the implant material 73-75. Factors that can lead to mechanical loosening are bone 
necrosis, mechanical damage, wear debris effects and fatigue caused at the bone-implant 
interface due to usage over time 76-79. 
Current prostheses made of synthetic materials such as stainless steel, titanium 
alloy, polymers, and ceramic composites, undergo degradation after 10-15 years of use. 
Assuming that the wear debris is non-toxic, three possible reactions from the body 
immune system may occur 80. They are  
i) The macrophage cells would try to digest the particles by releasing chemicals 
and enzymes to dissolve them, and later attempt to absorb the by products. 
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The by products would then be eliminated through the blood circulation and 
lymphatic systems. 
ii) If the process in i) fails, the body would try and excrete the particles without 
dissolving them. 
iii) If both i) and ii) fail, cellular fibrous linings are formed that surround the 
foreign particles, so as to isolate them from the surrounding tissue.  
Scenario iii) can decrease the interfacial strength between the implant and tissue and 
give rise to micro-motion and fretting. The detailed mechanisms of fatigue wear have 
been described in some references 81, 82. These mechanisms involve surface chemistry, 
size, shape and surface to volume ratio of the wear debris, and the extremely hostile 
body environment 80. 
Stainless steels used in joint replacements are composed of iron alloyed with 
chromium, nickel and molybdenum. The advantages of these materials are good strength, 
good biocompatibility, and low cost. A major disadvantage is that they can undergo slow 
corrosion in the body environment 83. Another disadvantage is the high elastic modulus 
(~200 GPa) which is 10 times that of bone 83. This can lead to the phenomenon of stress 
shielding wherein the implant bears a larger proportion of the load than bone. This leads 
to weakening of the bone, and decrease in bone density. Cobalt-chromium (Co-Cr) 
alloys are found to be stronger and more corrosion resistant than stainless steel 83. 
However, the elastic modulus is slightly higher than that of stainless steels. Titanium 
alloys are strong, corrosion resistant and have an elastic modulus of ~110 GPa. 
Therefore there is less problem of stress shielding than stainless steel or Co-Cr alloys.  
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It has been reported that heating UHMWPE to temperatures even below its 
melting point can significantly alter its crystallinity and physical properties 84. It has 
been found that resistance to crack propagation improves when the crystallinity increases 
85. Radiation sterilization, in the presence of air can lead to chain scission, decrease in 
molecular weight, increased crystallinity, oxidation, accompanied by decreased 
mechanical strength 86. Crosslinking the polymer enhances the resistance to plastic flow 
and lamellae alignment at the articulating surface, resulting in better resistance to wear 87, 
88. However, there is a tradeoff with decreased mechanical properties that include 
strength, ductility, elastic modulus, fracture toughness, and crack propagation resistance 
89. In UHMWPE tibial inserts, the components are subjected to high cyclic contact 
stresses. This results in pitting and delamination 90. It has been found that large-scale 
deformation and plasticity induced damage layers develop under the articulating surface 
due to sliding and high contact stresses 91. 
Bone-implant cements are mostly made of polymethylmethacrylate (PMMA) 83. 
Bone cement is viscoelastic and may undergo creep. It is much stronger in compression 
than in tension, but weakest in shear 83. Problems related to bone cement are 92
i) The stability of the cement depends largely on its homogeneity. This 
homogeneity may be disturbed by inclusions of blood and fat during the setting 
stage. 
ii) Production of heat during polymerization can lead to necrosis of the immediate 
layer of bone. 
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iii) The rapid packing of cement into the medullary cavity of the bone may cause 
compression of air, fat, blood and debris into surrounding open veins. This can 
lead to embolism of the blood vessels. 
iv) A sudden drop in blood pressure at the time of application of acrylic cement may 
be caused due to the toxic effects of free monomers of methylmethacrylic acid. 
B. IMPROVING CARTILAGE TISSUE ENGINEERING 
Although tissue engineering promises the best form of repair by generating 
locally grown cartilage or implanting in-vitro grown cartilage, there are certain 
challenges that this method faces, before being widely used.  
• The new tissue grown does not have adequate mechanical strength 93, 94 
• New tissue developed does not bond well with in-vivo bone or cartilage 95, 96 
C. DEVELOPMENT OF AN ARTIFICIAL ARTICULAR CARTILAGE 
Cartilage is a porous, viscoelastic composite material that contains approximately 
70% by weight water. Several researchers have therefore attempted to mimic these 
characteristics of cartilage by investigating hydrogel and cryogel materials. These 
materials are porous and contain void spaces, and therefore have the ability to hold water 
within, similar to natural cartilage. 
Oka et al 56 investigated polyvinyl alcohol hydrogel (PVA-H) for potential use as 
an artificial cartilage material. Histological studies showed that articular cartilage and 
synovial membranes around PVA-H showed neither inflammation nor degenerative 
changes. In addition to this, it was possible to attach the PVA-H to underlying bone 
using a composite osteochondral device made from titanium fibre mesh 97 It was 
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however found that the wear factor was approximately five times that of conventionally 
used UHMWPE. 
Freeman et al. 98 investigated hydrogels with variable factors being applied load, 
lubrication, hydrogel crosslink density and degree of hydrogel hydration. They studied 
the characteristics of friction and wear. They found a large variation in friction 
coefficient from 0.05 to 1.7 while wear varied by a factor of over 60. Lubrication with 
water reduced the coefficient of friction by approximately 70%. High crosslink density 
showed lower wear. Overall, they found high complexity in the tribological processes of 
hydrogels in vitro. 
Covert et al. 99 studied the friction characteristics of polyvinyl alcohol cryogel 
(PVA-c).It was found that the range of temperature and lubricants used had no impact on 
the coefficient of friction. Static friction was proportional to the material’s stiffness and 
roughness. Dynamic friction was proportional to the material’s stiffness and roughness 
and inversely proportional to the sliding velocity. Święszkowski et al. 59 improved the 
mechanical characteristics of a PVA-c by incorporating a cycling freezing and thawing 
process. 
D. RESEARCH GOALS 
Based on the current status of joint repair and findings behind joint repair failure, 
the immediate need is to identify techniques of improving the durability and lifetime of 
the widely used ‘total joint replacements’ (TJR). 
The main causes of joint replacement failure are the consequences of the wear 
debris particles that are liberated. The problems encountered are pathological (negative 
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immune response) and mechanical (increased friction and wear due to particles 
accumulating between the articulating surfaces and invasion of the bone-implant 
interface causing loosening). It is therefore necessary to decrease the wear rate of 
articulating materials and/or allow the generation of wear particles that are more 
acceptable by the body and do not cause joint loosening. 
The long term necessity is to do away with total joint replacements (which last 
10-15 years and are irreversible), and joint cement. New treatment methods are required 
that would be minimally invasive and last longer, thereby reducing the discomfort of 
elaborate surgical procedures accompanied by irreversible loss of cartilage and bone 
from the bone ends. Also, current joint implant materials do not provide a complete 
restoration of natural joint movement. A patient feels discomfort with even the slightest 
change in weather conditions. 
Figure 2.1 illustrates the idea behind the desired transition, from a total joint 
replacement to a more natural, cartilage replacement. A material that can replace natural 
cartilage needs to mimic cartilage, bond well with surrounding tissue and have good 
biocompatibility. Some of the desired properties to mimic cartilage would be 
viscoelasticity, deformability and recoverability, water absorption capacity, low friction 
on the exposed surface, surface and bulk functionality to adsorb required proteins on 
surface. 
  It was therefore proposed that this research work would 
• investigate tribological characteristics of boronized refractory metals for 
potential replacement of currently used metals in joint arthroplasty. 
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• investigate the possibility of developing degradable tissue engineering materials 
that would be stronger and more durable. 
• investigate the biomimetic behavior of selected polymeric materials for potential 
cartilage replacement. 
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FIG. 2.1. Proposed future transition from a total joint replacement, to a cartilage 
replacement. 
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FIG. 2.2. Proposed artificial cartilage composite material affixed to bone. 
 
 
 
E. APPROACH 
The materials investigated in this research have been divided into three basic 
categories. 
• Refractory metals and coated refractory metals (boronized and pure refractory 
metals) 
• Polymers and polymer composites for tissue engineering (biodegradable 
polymers, copolymers and composites) 
• Polymer composites for cartilage replacement (non biodegradable polymers and 
composites) 
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Control materials for comparison 
• Ultrahigh molecular weight polyethylene (UHMWPE, which is currently used in 
joint implants) 
• Ti6Al4V alloy (currently used in joint implants) 
• Human cartilage 
• Human bone 
Chapter III provides information on the reasons for choice of materials and 
details on their properties. 
Chapter IV explains the procedures adopted towards characterization of selected 
materials and their comparison with the control materials. The tribological and 
mechanical characteristics at the nano-scale level were determined and compared. The 
required characteristics were low friction and wear, viscoelastic response similar to 
cartilage. 
Figure 2.2 illustrates the proposed development of an artificial cartilage material 
affixed to the bone. The material needs to be non biodegradable, highly wear resistant 
and biocompatible. In addition the viscoelastic and water absorption properties should be 
similar to those of natural cartilage in order to provide a more natural recovery to 
patients. 
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CHAPTER III 
MATERIALS 
In this chapter, materials used for this research are discussed. There are a wide 
variety of clinical materials used for artificial joints today. The tribology and clinical 
communities are particularly interested in materials that are high load bearing, corrosion 
resistant, biomimetic and biocompatible. This research focuses on novel, improved 
materials for joint repair. There were basically three material categories tested: natural 
cartilage and bone, metals and alloys (pure and coated), and polymers (including 
composites).  
A. HUMAN CARTILAGE AND BONE 
Cartilage is a semi-rigid form of supporting tissue 100. The formation of cartilage 
commences with the differentiation of primitive mesenchymal cells to form rounded 
cartilage precursor cells called chondroblasts 100. Mitotic division of chondroblats takes 
place followed by synthesis of ground substance and fibrous extracellular matrix 100. 
Mature cartilage cells known as chondrocytes maintain the integrity of the cartilage 
matrix. Towards the periphery of the cartilage, chondroblasts merge with the 
surrounding loose supporting tissue. Growth of cartilage occurs by interstitial growth 
from within and appositional growth at the periphery. According to Burkitt et al. 100, the 
outermost layer of the cartilage is called the perichondrium and mesenchymal cells of 
this layer differentiate into fibroblast cells that form collagen. 
Cartilage contains about 70% (by weight) water, 40%-70% collagen (dry weight) 
and 15%-40% proteoglycans 101. Collagen in cartilage is predominantly of type II. The 
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collagen fibers are able to withstand high tensile stresses. Figure 3.1 shows the four 
major zones of articular cartilage. The outermost superficial tangential zone (STZ) 
consists of lamina splenden fibers (closely packed collagen fibrils which are ~30 nm 
diameter), which are aligned tangential to the surface. They act as a barrier membrane to 
enzymes and large molecules like hyaluronic acid, but allow glucose from the synovial 
fluid to enter the cartilage to nourish the chondrocyte cells. According to Martin et al. 101 
gaps develop between the lamina splendens with age. Below these are thicker collagen 
fibers that are aligned parallel to the surface along with flat shaped chondrocyte cells. 
This zone has a smaller percentage of proteoglycan molecules. The next zone is the 
middle zone in which collagen fibers are arranged randomly. This is the thickest zone in 
which roundish chondrocyte cells are stacked parallel to the collagen fibers. It has the 
highest concentration of proteoglycan molecules. In the deep zone, there are collagen 
fibrils that are arranged perpendicular to the cartilage surface. Chondrocyte cells are 
aligned parallel to the fibril orientation. The zone adjacent and attached to the bone is 
known as the calcified zone. 
Figure 3.2. illustrates the structure of a proteoglycan unit found in articular 
cartilage. It consists of a core protein, to which are attached glycosaminoglycan 
molecules. These are chondroitin sulphate and keratin sulphate. The core protein is 
attached to a hyaluronic acid chain by a link protein. The whole assembly is known as 
the proteoglycan aggregate or more commonly as ‘aggrecan’. The proteoglycan 
molecules are negatively charged and therefore, the aggrecan molecules tend to repel 
each other and branch out forming a bottlebrush kind of structure 101. Due to the negative 
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charge, the aggrecan molecules are also hydrophilic. This causes them to attract water 
into the cartilage. Compressive loads are borne by cartilage tissue, as well as a large 
volume of water that is retained inside 101. 
 
 
 
FIG. 3.1. Cartilage zones (not drawn to scale). 
Lamina splendens 
Collagen fibers 
Proteoglycan 
aggregate 
Chondrocyte 
cells 
Calcified 
cartilage 
Subchondral 
bone 
Middle 
zone 
Deep zone 
Zone of calcified 
cartilage 
Superficial tangential 
zone (STZ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 33
 
FIG. 3.2. Proteoglycan aggregate molecule 
 
 
Bone is made up of 65% mineral, and 35% organic matrix, cells and water 102. 
Bone mineral is made up of crystals in the shape of needles, plates and rods located 
within and between collagen fibers. It is made up largely of calcium hydroxyapatite with 
chemical formula Ca10(PO4)6(OH)2. The organic matrix consists of 90% collagen and 
about 10% noncollagenous proteins 103-105. The basic structure of bone at the proximity 
of a joint is shown in Fig. 3.3. Articular cartilage is attached to porous cancellous bone 
which is in the form of a scaffolding-like structure. Cancellous bone is surrounded by a 
layer of cortical bone. Cortical bone is denser than cancellous bone and contains narrow 
channels for the passage of blood vessels. 
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FIG. 3.3. Cross section of bone near the joint. 
 
 
A human articular cartilage specimen was obtained from a 51-year old male’s 
amputated right knee. The patient was suffering from a vascular obstructive disease in 
his right leg. He had no chance of living with conservative treatment because of 
ischemic necrosis of the foot. Therefore his leg had to be amputated above the knee. The 
specimens were harvested from the amputated joint using a hacksaw and scalpel blade. 
The specimens contained the entire thickness of cartilage and part of the subchondral 
bone (Fig. 3.4). Cartilage and subchondral bone obtained from near the femoral condyle 
was used as the pin material in the tribological tests. Cartilage (complete thickness) and 
subchondral bone from the tibial plateau was used as the counter material for the 
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cartilage-on-cartilage tests. Subchondral bone from the knee joint of the same subject 
from whom the cartilage was obtained, was used in these studies. The bone and cartilage 
specimens were stored in a deep freeze at -17 oC. 
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FIG 3.4. Approximate dimensions of cartilage-bone samples used in the tribotests. 
 
 
Figure 3.4 shows the approximate dimensions of the specimens used. The 
cartilage and bone samples were defrosted at room temperature before testing. The 
temperature was maintained at 37 oC (body temperature) when experiments were 
conducted.  
B. REFRACTORY METALS AND BORONIZING  
Refractory metals are transition elements present in groups IVB, VB, and VIB of 
the periodic table. They are extraordinarily resistant to heat and corrosion 106. Their use 
is found in lighting, tools, lubricants, nuclear reaction control rods, and as catalysts. 
Niobium (Nb), tantalum (Ta) and titanium (Ti) are refractory metals and have excellent 
corrosion resistance 107. They form a passivating oxide layer on their surface that 
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prevents further corrosion. It has also been reported that they possess good 
biocompatibility 108-110. They are therefore potential candidates for use in the corrosive 
body environment. 
Niobium is element number 41 (atomic number) placed in group VB and period 
5 in the periodic table. It is never found as a free element but exists in the minerals 
columbine ((Fe,Mn)(Nb,Ta)2O6), columbite-tantalite ((Fe,Mn)(Ta,Nb)2O6), pyrochlore 
((Na,Ca)2Nb2O6OH,F), and euxenite ((Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6). It is named after 
‘Niobus’, the daughter of the Greek mythological character ‘Tantalus’. Minerals that 
contain niobium often also contain tantalum.  
Tantalum has atomic number 73 and is in group VB and period 6 of the periodic 
table. It is named after Tantalus. It occurs in the same minerals as Niobium and was 
thought to be the same element until the two were isolated in 1844. 
Chromium, with atomic number 24 is placed along with molybdenum and 
tungsten in group VIA of the periodic table. These elements are used extensively as 
alloying elements to improve on the wear and corrosion resistance of the alloys. 
Chromium is added as an alloying element to various metals to improve their corrosion 
resistance. It is used in joint replacement applications (stainless steel 316L and Co-Cr 
alloys). 
Boronizing is a surface treatment, thermochemical process involving the 
diffusion of boron into a base metal at high temperature to form hard boride layers 111-113. 
The resulting metallic boride provides high hardness, wear resistance, and resistance to 
acid corrosion 113. The advantages of boronizing over other surface treatments are 114: 
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• A very hard boride layer is formed 
• The coefficient of friction is very low 
• No extra heat treatment is required after boronizing 
• The boride has considerable resistance to acid, base, metal solutions and high 
temperature oxidation. 
Moreover, it has been reported that boronized steels and cast irons can resist 
wear and oxidation without losing their tribological properties upto a temperature of 
approximately 1000 oC 115, 116. 
It has been found that boronizing of ferrous metal alloys form a FeB and Fe2B 
phases 117-119. FeB forms the outer layer and is hard 118. FeB is hard and brittle whereas 
Fe2B is soft and ductile 118. It was also reported that single phase boride layers exhibited 
higher wear resistance than two-phase layers due to the inhomogeneous microstructure 
119, 120. 
The pretreatment process includes the washing of any cutting fluids and anti-
corrosion oils and removal of rust films by brushing or gentle blasting with glass beads 
121. The boronizing agents of industrial importance are those based on activated boron 
carbide. The main constituents include the boron donor, the activator and the filler 21. 
Pure niobium, tantalum and chromium (all 99.98% weight purity) made up the 
substrate material. Niobium and tantalum were cut into discs of dimensions 
approximately 6 mm diameter and 3 mm in height. Chromium was cut into a cuboid of 
approximate dimensions 1.1 cm x 0.7 cm x 0.5 cm. Boronizing was performed in a solid 
medium using Ekabor powders that had grain sizes less than 850 μm and had a nominal 
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chemical composition of 90% SiC, 5% B4C and 5% KBF4 (activator). The pretreated 
pure niobium and tantalum test specimens were placed in contact with Ekabor powders 
and then transferred to an electrical resistance furnace in a stainless steel crucible with a 
diameter of 5 cm and height 8 cm. This process is known as the ‘pack cementation’ 
process. Boronizing with a solid agent has advantages such as ease of treatment, forming 
of a smooth surface, and simplicity of equipment 14. They were then heated from room 
temperature to 940 oC in 50 minutes under atmospheric pressure and held in the furnace 
for 4 hours. This was followed by cooling in air. The thickness of a boride layer depends 
on treatment time and temperature 18. Sen et al 18 concluded that boride layer 
morphology is dominantly dendritic. 
C. Ti6Al4V ALLOY AND BEARING STEEL E52100 
The low density and good mechano-chemical properties of Ti make it ideal for 
implant applications. Alloying additives have produced even better results 122. The alloy 
Ti6Al4V has been the most widely used. Aluminum (Al) is slightly lighter while 
vanadium (V) is slightly heavier than Ti. Therefore the density of Ti6Al4V alloy is close 
to that of pure Ti. It has high corrosion resistance. The elastic modulus is lower than 
other metallic materials used. It therefore causes less stress shielding 123. We therefore 
used this material as a control material to compare its properties with those of Nb, Ta 
and their boronized counterparts. Ti6Al4V alloy was obtained from Goodfellow Inc. The 
specimens were cut into discs of 10 mm diameter and approximately 4 mm. height. 
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Bearing steel E52100 is a metal used extensively in tribological research. 6 mm. 
diameter balls of this alloy (obtained from Jelco) were used as a counter material to 
study the wear characteristics of Ti6Al4V alloy, Nb, Ta, and boronized Nb and Ta. 
D. BIOCOMPATIBLE POLYMERS AND THEIR CHARACTERISTICS 
Several polymers have been accepted for use in medical devices. Some of them 
are biodegradable (dissolve in the body over a period of time) and some are non 
biodegradable or non resorbable. UHMWPE is the most popular polymer used in joint 
arthroplasty due to its low friction, high impact strength, excellent toughness, low 
density, ease of fabrication, biocompatibility and biostability 124. The wear debris that 
comes off the surface of this material is, however, the main cause for joint replacement 
failure due to the negative immune response that is incited. Biodegradable polymers 
such as polytrimethylene carbonate (PTMC), poly ε-caprolactone (PCL), poly lactide 
(PLA) and poly glycolic acid (PGA) are biocompatible and are resorbed within the body 
at a rate depending on their molecular structure 125, 126. The bio degradability of these 
polymers is usually due to the hydrolytically unstable linkages in their backbone. Their 
applications include nerve guides and sutures 127. The biodegradability of certain 
polymers is advantageous for the following reasons. 
They can be used as sutures and will degrade completely after an internal wound 
has healed. This would not necessitate a second surgery for their removal 128. A bone 
fracture that is fixated with a rigid metallic implant has a tendency for re-fracture upon 
removal of the implant. This is because the bone does not carry sufficient load during the 
healing process to enable proper remodeling. An implant made of a biodegradable 
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polymer can be tailored to degrade at a rate that will slowly transfer load to the healing 
bone 129. Another potential application is in drug delivery, when a particular drug is to be 
released in the body over a period of time. The drug which is encapsulated within the 
polymer is released at a predetermined rate as the polymer degrades 130, 131. 
Factors that affect the mechanical properties of polymers are monomer selection, 
initiator selection, process conditions, and the presence of additives. These factors in 
turn affect the polymer’s hydrophilicity, crystallinity, melting temperature, glass 
transition temperature (Tg), molecular weight and its distribution, end groups, sequence 
distribution, and the presence of additives 132. 
Biodegradation takes place in polymers that have backbone linkages that are 
hydrolytically unstable. The most common functional groups of this type are esters, 
anhydrides, orthoesters, and amides 128. The chemical structure of PTMC is illustrated in 
Fig. 3.5. It has an ester group incorporated in its backbone. Zhang et al. 133 found that 
high molecular weight PTMC (Mn = 316 x 103 g/mol) did not degrade in phosphate 
buffered saline whereas subcutaneous implantation caused rapid degradation. They 
concluded that enzymatic degradation plays an important role in the surface erosion of 
PTMC in vivo. Ali et al. 134 reported that chemical attack on the amorphous phase of a 
polymer is more rapid than on the crystalline phase. Engelberg et al. 135 have reported 
that PTMC and PCL degrade at a rate slower than other biodegradable polymers. 
Moreover, at physiological temperature they are above their Tgs and therefore are in a 
rubbery and deformable state. These properties are promising for their use as tissue 
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engineering constructs for cartilage repair (cartilage being deformable and the polymers 
being suitable as scaffolds for the growth of chondrocyte cells) 136. 
Polyimides have been widely used in the fabrication of aircraft structures and 
microelectronic devices 137. They perform well under high temperatures, radiation and 
heavy mechanical loads 138. In addition they also exhibit high wear resistance, low 
friction, high strength and toughness and dimensional stability 35. Richardson et al. 139 
reported that polyimides exhibited no cytotoxic response and little haemolysis. Moreover 
the polyimides adsorbed large amounts of body serum albumin (BSA) and fribrinogen. 
They also showed excellent film forming ability, electrical properties and sterilizability. 
Cai et al. 140 reported that PI/CNT nanocomposites exhibited lower friction than pristine 
PI. CNT as a reinforcing agent also contributed to restrain the adhesion and scuffing of 
the PI matrix. These reports indicate promise that PI/CNT composites could replace 
UHMWPE as a joint replacement material. The basic structure of a polyimide is shown 
in Fig. 3.6. R, R’ and R” are organic groups. 
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FIG. 3.5. Chemical structure of polytrimethylene carbonate (PTMC). 
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FIG. 3.6. Chemical structure of polyimide. 
 
 
A carbon nanotube is made up of a graphite sheet that is rolled into a cylinder 
(Fig. 3.7). The ends of the sheet are joined by making the carbon atoms react. The 
cylindrical diameter is in the range of 0.4-2 nm 141. A single walled carbon nanotube 
(SWNT) is made up of a single cylindrical graphite sheet, whereas a multi-walled carbon 
nanotube (MWNT) is made up of concentric cylinders of graphite. Carbon nanotubes 
possess high tensile strength, ultra-light weight and have excellent thermal and chemical 
stability 141. Carbon based materials have been widely used as biomaterials 142-144. 
Carbon nanotubes are therefore a potential candidate for being used as a multifunctional 
material in biomaterial composites. The mechanical strength can provide reinforcement 
similar to collagen fibers and functionalization of the CNT surface can vary attractive 
and reactive forces within and on the surface of the composite materials. 
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FIG 3.7. Schematic of carbon nanotube synthesis. 
 
 
Monomer Trimethylene carbonate (TMC) was obtained from Boehringer 
Ingelheim. It was polymerized by the method of ring opening of the monomer units. The 
catalyst was N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-ethylenediimine Ca(II). The co-
catalyst was [Bu4N]+N3. Polymerization was conducted at 86 oC for 2 hours. The 
monomer:catalyst:co-catalyst molar ratio was 350:1:1. More information on the 
polymerization process can be found in a publication by Darensbourg et al. 145. 
Polytrimethylene carbonate (PTMC) was physically combined with multi walled carbon 
nanotubes and hydroxyapatite (HAP) (Sigma Aldrich) powder to form a composite 
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material for potential cartilage tissue engineering. The proportion of constituents, 
PTMC:HAP:MWNT was 500:5:1 by weight 
Polyimide was synthesized by reacting 2, 6 Bis (3 amino phenoxybonzo nitrile) 
(βCN-APB) with 4, 4, oxydiphthalic anhydride (ODPA). They were initially dissolved 
in a solvent N, N-dimethylacetamide (DMAC). The product formed was polyamic acid. 
Figure 3.7 illustrates the polymerization process. On heating, water was liberated from 
the polyamic acid, forming the polyimide product. Hipco processed SWNT’s were 
obtained from Carbon Nanotechnologies Inc. The details on the polymerization and 
composite preparation can be found in a reference 146. Polyimide was combined with 
single walled carbon nanotubes. Samples were prepared with different nanotube 
concentrations (0.035%, 0.05%, 0.075%, 0.1%, 0.2%, 0.5%, 1%, 2%, and 5% by weight). 
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2, 6 Bis (3 amino phenoxybonzo nitrile) 
(βCN-APB) 
4, 4, oxydiphthalic anhydride 
(ODPA) 
-H2O 
Polyamic acid 
Polyimide 
FIG. 3.8 Synthesis of polyimide. 
 
 
Ultrahigh molecular weight polyethylene (UHMWPE) was obtained from 
Goodfellow in processed form. It is a semi-crystalline, whitish and effectively opaque 
engineering thermoplastic which, chemically, has a very high molecular weight (3-6 
million) 147. As a result it has an extremely high (effectively infinite) melt viscosity and 
can only be processed by powder sintering methods. It also has outstanding toughness, 
cut and wear resistance and very good chemical resistance. Specimens were cut into 
rectangular plates approximately 10 mm (length) x 10 mm (width) x 2mm (height). It 
was used as a control material to compare properties with novel polymer materials. 
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E. SIMULATED SYNOVIAL FLUID (SSF) 
Initially, a solution of simulated body fluid (SBF) was prepared. The ionic 
composition of SBF is given in Table 3.1. This liquid solution was originally prepared 
by Dr. Tadashi Kokubo 148. It was buffered at a pH of 7.25 with Tris (hydroxymethyl) 
aminomethane and HCl. It has a composition similar to human blood plasma. The 
method of preparation of 1000 mL of SBF is as follows 149. 
1. Dissolution of chemicals 
i) Using a 100 ml beaker, heat 700ml of ion exchange water to 36.5 oC, stirring 
continuously with a magnetic stirrer. 
ii) Combine the first nine chemical from Table 3.2, according to the amounts shown. 
2. Adjustment of pH 
i) Calibrate a pH meter with fresh standard buffer solutions. 
ii) After the first nine chemicals are added, confirm that the temperature is at 36.5 
oC and titrate the 1M HCl solution with a pipette to adjust the pH to 7.25. 
iii) After adjusting the pH, transfer the solution to a 1000 mL volumetric flask. 
iv) Add ion-exchange water to the flask until the total volume is 1000 mL and 
allow the solution to cool to room temperature. Once cooled, add more ion-
exchanged water to achieve 1000 mL of solution. 
v) The SBF should be stored in a refrigerator at 5-10 oC. 
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TABLE 3.1. Ionic concentrations in SBF. 
Ion Concentration (mM) 
Na+
K+
Mg2+
Ca2+
Cl-
HCO3- 
HPO4-
SO42-
142.0 
5.0 
1.5 
2.5 
147.8 
4.2 
1.0 
0.5 
 
 
 
TABLE 3.2. Chemicals included in SBF. 
Chemical Quantity 
NaCl 
NaHCO3
KCl 
K2HPO4
MgCl2.2H2O 
1M HCl aqueous solution 
CaCl2.2H2O 
Na2SO4
Tris(hydroxymethyl)aminomethane 
1M HCl aqueous solution 
7.996 g 
0.35 g 
0.22 g 
0.174 g 
0.305 g 
~40 ml 
0.368 g 
0.071 g 
6.057 g 
~10 ml 
 
 
The concentration of hyaluronic acid in synovial fluid has been reported as 0.1 to 
5 mg/ml 19. Based on this, a concentration of 3 mg of hyaluronic acid (Rexall Inc., Boca 
Raton, FL) was added per ml of SBF. The mixture was then sonicated for 10 minutes to 
disperse the hyaluronic acid particles in the fluid. The resulting fluid was stored in a 
refrigerator at 3 oC. This solution was applied between the articulating surfaces before 
the tests were started. 
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CHAPTER IV 
EXPERIMENTAL TECHNIQUES 
A. FRICTION  
A pin-on-flat tribometer configuration is illustrated in Fig.4.1, one test material is 
held vertically over the other. One material is attached to a shaft known as the pin. The 
counter material is attached to a reciprocating stage, vertically below the pin. The pin is 
attached to a beam which is connected to a transducer. When the stage moves back and 
forth, the friction force between the two surfaces is sensed by the transducer and is 
recorded by a computer. A fixed, predetermined vertical load is mounted on top of the 
pin. The computer divides the friction force by the applied vertical load (which is fed 
into the computer prior to starting the test). This quotient is known as the coefficient of 
friction and is usually denoted by ‘μ’. The computer exhibits a plot of the coefficient of 
friction as a function of time or number of cycles. The parameters that can be varied are 
the distance of sliding, the speed of sliding and the duration of the test. These values are 
fed into the computer prior to starting the test and remain constant throughout the test. 
Since the objective of the experiments was to compare different materials, this simple 
setup served the purpose. 
In this study, a CSM tribometer was used in the pin-on-flat configuration, for the 
tribo-tests. Temperature was controlled with a heater attached to the reciprocating stage 
(Fig. 4.1). The motion was linear reciprocating. The distance of travel, number of cycles, 
and speed were adjustable. The coefficient of friction against the number of cycles and 
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time was plotted using TriboX software (CSM Instruments), as the experiments 
progressed. 
Tests were conducted incorporating different values for different parameters, 
depending on the material and information required. For tests with plastic and cartilage 
samples, the amplitude of linear reciprocating motion was 3 mm and speed of movement 
was 1.5 cm/s, in order to simulate natural joint motion. For severe wear tests of 
boronized chromium, niobium and tantalum, the amplitude was 1mm and speed was 2.5 
cm/s. 
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FIG. 4.1. Schematic of tribometer tests. 
 
 
 50
B. DEBRIS CHARACTERIZATION 
In a transmission electron microscope, a beam of electrons is passed through a 
thin section of the specimen. There can be three possible fates for these electrons 150. 
They are i) Transmitted through the specimen without any interaction (undeflected), ii) 
Deflected but loses no energy (elastically scattered), and iii) Loses energy and is 
deflected (inelastically scattered). Electrons with minimum interaction with the 
specimen have higher energy when collected by the detector. The image output from the 
detector therefore shows these parts of the sample as brighter. The final image is 
therefore a black and white image (with different shades) of the part of the sample 
through which the beam of electrons travels. 
Images and diffraction patterns of wear particles obtained from the friction tests 
were obtained with a transmission electron microscope (TEM, JEOL 2010). The 
operating voltage was 200 kV. Samples for testing were collected in the form of wear 
particles from the specimen wear tracks after the tribo-tests. The particles were mixed in 
acetone and dispersed by placing the solution in a sonicator for 10 minutes. A drop of 
this solution was then applied onto a 300 to 400 mesh copper, carbon stabilized, formvar 
TEM test grid. The acetone was allowed to evaporate, leaving behind the debris. 
Figure 4.2 illustrates the schematic of a transmission electron microscope. The 
source of the electron beam is called the electron ‘gun’ which is made up of a filament of 
tungsten or lanthanum hexaboride (LaB6). A high voltage (~50-300kV) is applied across 
the filament along with a DC current. The resulting energy generated in the filament is 
absorbed by the resident electrons, which are then able to escape from their atoms, and 
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form an ejected beam from the filament. Another type of gun is the field emission type 
in which the cathode is in the form of a very sharp tip (100 nm diameter or less). When 
the cathode is held at a negative potential with respect to the anode, the electric field at 
the tip becomes very strong (> 107 V/cm). As a result, a tunneling electron current passes 
out of the cathode, through the barrier. A beam intensity hundreds of times higher than 
that of thermionic emission can be obtained. This type of cathode is usually made of 
tungsten due to the very high mechanical stresses at the tip. A cuplike structure 
surrounds the filament and is known as the shield or Wehnelt cylinder 151. A slight 
negative potential (greater than the filament potential) is applied to the shield so that it 
repels the electrons, causing them to shape into a beam that is directed towards the 
specimen. The anode is an electromagnetic coil that draws the electrons from the gun. 
The lenses are electromagnetic coils, the strengths of which can be controlled by the 
amount of current passed through them. The magnetic field strengths produced by them 
are used to deflect the electron beam. The first condenser lens is a demagnifying lens 
that decreases the size of the beam spot while the second condenser lens increases the 
size. The overall effect of both lenses is to precisely control the amount of electron 
irradiation striking the specimen. The condenser aperture controls the intensity of the 
beam by blocking off part of the beam. The condenser stigmator is meant to compensate 
for astigmatism in the beam and to create a circular beam profile at the specimen. The 
objective lens forms the initial image that is further magnified by the other imaging 
lenses. It is used to focus and magnify the image. The intermediate lens is also used to 
magnify the image in the normal imaging mode. A diffraction pattern of the specimen is 
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formed in the back focal plane of the objective lens. By changing the excitation of the 
intermediate lens coils, a magnified image of the diffraction pattern can be sent to the 
projector system. The projector lens is used to further magnify the image from the 
intermediate lens. The final image is captured on a fluorescent plate or film negative. 
The whole microscope column is maintained under high vacuum by air pumps, in order 
to minimize interaction of air molecules with the electron beam. 
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FIG. 4.2. Schematic of a transmission electron microscope (TEM). 
 
 
 
 53
C. SURFACE CHARACTERIZATION 
An atomic force microscope consists of a physical probe (with diameter 
approximately 10 nm) that scans the surface of a specimen (Fig. 4.3). It scans the surface 
in two perpendicular directions (usually horizontal called X and Y directions). It can also 
move vertically (Z direction) following the height of asperities on the specimen surface. 
It therefore gives a three dimensional image of the surface. The nanometer range 
resolution of motion is achieved using piezoelectric controllers. Higher positions on the 
surface are indicated in a bright shade while lower positions, in a darker shade. In 
contact mode, the probe physically touches the surface of the specimen. 
As shown in Fig. 4.3a and b, the probe is fixed to a flexible cantilever that is 
fitted onto a base plate. This assembly is mounted onto a movable stage that enables the 
scanning motion. A laser reflects off the top of the cantilever and the movement of the 
probe on the surface is therefore transferred to the reflected laser beam that is captured 
by a detector. This movement is then amplified by a computer and the output is shown as 
an image on a computer monitor. In contact mode of operation, the probe can be moved 
towards and away from the sample through a short distance, during which the force of 
attraction or repulsion between the surface molecules and the probe tip can be measured. 
Important information on surface phase characteristics can be obtained using this 
information. 
Another mode of operation is the ‘close contact’ mode, in which the probe, along 
with the cantilever, is vibrated at a predetermined frequency. The probe remains close to 
the specimen surface but never touches it. The attractive or repulsive forces of the 
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surface on the probe cause a change in vibration frequency, which is detected and fed 
back into the computer. In order to maintain the set frequency, the amplitude of vibration 
is changed. This change in amplitude therefore depends on the force of attraction of the 
surface material on the probe, and hence on the material composition of the surface. The 
change in amplitude is therefore shown as a change in material composition. In this way, 
we can determine if there are different material phases on the surface of the specimen. 
Harder materials are shown in a lighter shade while softer ones show up darker. An 
atomic force microscope (Pacific Nanotech Inc.) was used to obtain the surface 
topography and phase images. 
 
 
 
 
FIG. 4.3. Schematic of an AFM. 
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FIG. 4.3. (continued) 
 
 
In a scanning electron microscope (SEM), a beam of electrons impinges on the 
surface of the specimen. Images of the specimen can be captured by detecting either 
backscattered electrons (beam electrons that are reflected back from the sample) or by 
detecting secondary electrons (electrons from the specimen atoms that absorb energy 
from the electron beam, thereby escaping from their atoms). The electrons that are 
obtained from higher positions on the surface lose less energy than electrons that are 
obtained from lower positions, and therefore show up as brighter spots in the final image.  
Fig. 4.4 is an illustration of the schematic of a scanning electron microscope. The 
filament, bias shield, anode, gun alignment coils, apertures, condenser lenses and 
stigmators, are similar to those found in a TEM (described earlier). The beam passes 
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through the objective lens before reaching the sample. Between the condenser lens and 
the objective lens, there are scanning coils that cause the beam to raster along the 
specimen surface along parallel lines. The image signal that is captured by the detector is 
transformed into a graphical image and exhibited on a computer screen. 
 
 
 
Bias shield Filament 
(cathode) 
Condenser 
aperture Gun alignment coils 
Objective aperture 
Condenser stigmator
Condenser lens 1 
Condenser lens 2 
Anode 
Objective lens 
Scanning coils 
Backscattered 
electron detector IMAGE 
Specimen stage 
Specimen Computer 
monitor 
Secondary 
electron detector 
FIG.4.4. Schematic of a scanning electron microscope. 
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A JEOL 6400 scanning electron microscope was used to obtain images of the 
surfaces. Images were captured from secondary electrons. The working voltage was 15 
kV and the working distance varied. 
D. MATERIAL COMPOSITION 
Diffraction is the process of bending, spreading and interference of waves due to 
deflection by an obstruction in their path. Such diffraction happens to X-rays when they 
are deflected by regularly spaced atoms in a crystal. The diffracted X-rays are also 
regularly spaced and hence form a pattern on a photographic plate consisting of regularly 
spaced spots. X-ray crystallography functions on the principle of Bragg’s law. In 1913 
Sir W.H. Bragg and his son Sir W.L. Bragg discovered that diffracting X-rays are 
constructive, off certain crystals, at certain angles of incidence. When X-rays strike an 
atom, they transfer some of their energy to electrons in the atom. The electrons are 
transferred to a higher energy level temporarily, and fall back to their stable state, 
emitting the energy in the form of X-rays. These re-emitted X-rays interfere, giving 
constructive or destructive interferences. According to Bragg’s law, the interference is 
constructive when the phase difference between waves is proportional to 2π (see Fig. 
4.5). The equation governing Bragg’s law is 
                                                    nλ = 2dsinθ,                                                     (1) 
where n is an integer 
λ is the wavelength of X-rays 
d is the spacing between planes in the atomic lattice 
θ is the angle between the incident ray and the scattering planes 
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An X-ray diffractometer (Bruker AXS D8 Discover) with Cu Kα radiation was 
used to determine the crystalline composition of metals and their wear debris. 
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FIG. 4.5. Schematic of an X-ray diffractometer. 
 
 
E. NANO MECHANICAL PROPERTIES 
Nano-indentation tests were conducted using a Hysitron triboindenter. The 
triboindenter possesses a replaceable tip (diameter in the nm range) that can be moved 
with a precision of nanometers. Perpendicular penetration into a specimen or parallel 
scratch testing on the surface can be achieved. Different types of tips can be incorporated, 
depending on the nature of the sample to be tested. Motion control and load sensing is 
achieved with piezoelectric transducers. The data is processed by a computer. Load-
depth curves and other mechanical property values can be obtained. The loading rate, 
peak load and duration of applied loads can be varied. Figure 4.6 is a schematic of the 
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triboindenter. The loading-unloading curve is shown in Fig. 4.7. From the results, 
information on hardness, modulus, elastic, plastic, and viscoelastic behavior can be 
obtained. 
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FIG.4.6. Schematic of nanoindenter. 
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FIG. 4.7. Nano-indentation load-time curve. 
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CHAPTER V 
RESULTS 
As discussed in Chapter I, a wide variety of tribomaterials have been used for 
biological applications.  The present research focuses on the artificial cartilage. 
Therefore, the surface, near-surface, and bulk properties are particularly interesting. This 
chapter presents the results of two groups of materials: polymeric composites and metals 
with coatings. The polymers are considered for frictional behavior mimicking cartilage 
while the coated metals are for load bearing and wear properties. 
A. POLYMER BASED MATERIALS 
1. Multiphase polymeric composite 
The advantages of using multi-phased polymeric composites are several. The 
distinguished properties of each phase could contribute to the desired, hybrid property. 
This is considered important in the biological environment where chemical degradation 
resistance and mechanical durability are required.  
Figure 5.1 shows nanoindentation load-depth curves for the composite 
PTMC+HAP+NT (PTMC + Hydroxyapatite + multi-walled carbon nanotubes), cartilage, 
subchondral bone and UHMWPE. As expected, bone showed the highest stiffness with 
the lowest penetration depth. The deformation during the dwell period for the bone was 
also lower. The UHMWPE surface exhibited the lowest stiffness. The UHMWPE also 
showed highest viscoelastic strain during the constant load dwell period. Cartilage and 
PTMC+HAP+NT exhibited very close load-depth values with cartilage being slightly 
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stiffer. The load-depth curves for both these materials were in between those of bone and 
UHMWPE. Details will be discussed in the next chapter. 
 
P T M C + H A P + N T
C a r t i l a g e
B o n e
U H M W P E
0 
0 100 200 300 
100 
150 
200 
50 
Penetration depth (nm) 
Lo
ad
 (μ
N
) 
400 
FIG. 5.1. Nanoindentation load-depth curves of PTMC+HAP+NT, cartilage, bone and 
UHMWPE. 
 
 
Figure 5.2 shows the average friction coefficient values with standard deviation 
error bars for the UHMWPE, cartilage, and the PTMC+HAP+NT. Tests were conducted 
against cartilage with SSF between the surfaces. The coefficient of friction (COF) value 
for the UHMWPE against cartilage was the highest while that for cartilage against 
cartilage was the lowest. The value for PTMC+HAP+NT was in between those of 
UHMWPE and cartilage. 
Figures 5.3 a, b and c are AFM topography and phase images of unworn cartilage, 
PTMC+HAP+NT, and UHMWPE respectively. Cartilage shows longitudinal fiber-like 
structures which may correspond to collagen fibers. The PTMC+HAP+NT image shows 
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patches (probably HAP) sticking out of the surface with a nanotube-like structure lying 
along the surface (Figure 5.3b). UHMWPE possessed a fairly uniformed phase on the 
surface with the lowest variation in height (~0.3 μm). The spots in the UHMWPE phase 
image were probably created due to the manufacturing process. Cartilage had the highest 
height variation of ~3μm. The cartilage topography image indicates the presence of a 
pore-like structure on the surface, through which substances can pass in and out of the 
cartilage. 
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FIG. 5.2. Average coefficient of friction for tested materials. 
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FIG. 5.3. AFM topography (L) and phase (R) images. 
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FIG. 5.3. (continued) 
 
 
2. Polyimide-SWNT composite 
Figure 5.4 shows the profile of the nano-triboindenter tip. Figure 5.5 shows the 
stress-strain profiles of nanoindentation tests conducted on polyimide-SWNT composite 
specimens with varying weight percent concentrations of SWNT. The radius of the 
nanoindenter tip was 150 nm. This value was used to calculate the effective area of 
contact a. If the penetration depth is d, the effective area of contact is given as: 
                                              a = πd x (2 x 150 - d),                                            (2) 
The linear stress was calculated as load/a. Fig. 5.5 shows plots of the stress 
versus the indentation depth for PI + NT, cartilage and UHMWPE samples. Pristine PI 
(0% NT) shows the stiffest response to nanoindentation. As the percentage of nanotubes 
is increased, the stiffness decreases, goes through a minimum, and then increases. 
Cartilage has a much lower stress increase per nm indentation, but has greater hysteresis 
than the pure PI and PI + NT samples (indicating greater energy absorption and 
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viscoelastic behavior). At the same loading rate, the stress on UHMWPE are much lower 
at the initial stages of indentation, but increases rapidly at approximately 300 nm depth 
(Fig. 5.6).  There is not much hysteresis shown by UHMWPE and the unloading curve 
follows the loading curve very closely. 
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FIG. 5.4 Nano-triboindenter tip. 
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FIG. 5.5. Stress-indentation depth plots for PI + NT, cartilage and UHMWPE. 
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FIG. 5.6. Stress-indentation depth plot for UHMWPE 
 
 
Figure 5.7 illustrates plots of the coefficient of friction against %SWNT for the 
PI-SWNT composites under 3 different regimes-when articulated against cartilage with 
SSF between the surfaces, when articulated against Ti6Al4V under dry conditions and 
when articulated against Ti6Al4V with SSF between the surfaces. For the dry condition, 
at a %SWNT concentration of approximately 0.5, there is a minimum in the coefficient 
of friction. The coefficient of friction ranges approximately between 0.24 (0.5%SWNT) 
and 0.44 (0.075%SWNT). These values of coefficient of friction are much higher than 
the values found in natural joints (~0.01). However, there is definite evidence that at an 
optimum concentration of SWNT’s, the coefficient of friction can be minimized. We can 
see that the COF of the PI composite against Ti6Al4V under dry conditions is the 
highest. The presence of SSF between the surfaces caused a lowering in the COF. The 
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lowest COF values are however noticed for the PI composite when tested against 
cartilage. 
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FIG. 5.7. COF versus %SWNT for PI+NT against cartilage and Ti6Al4V. 
  
 
Figure 5.8 is a TEM image of SWNT’s that were added to the PI. It can be seen 
that the nanotubes (NTs) are present in bundles with a number of them being in contact 
with each other. This NT-NT contact could have influenced the friction and indentation 
behavior described earlier. Fig. 5.8b is a TEM image of NTs embedded within the PI 
matrix. This is an image of a wear particle that came off the composite with 2% NT 
during the friction tests. There is an indication that the particle tore off around the NT 
indicating that the NT adheres well to the PI matrix. Figure 5.8c is another image of a 
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wear particle showing bundles of NTs with the tear taking place around the edge of the 
NTs. This is also an indication of the strong bonding between the NTs and PI. 
 
 
50 nm 
a) Cluster of SWNTs 
 
FIG. 5.8. TEM images of SWNT+PI composite (200 kV working voltage). 
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FIG. 5.8. (continued). 
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FIG. 5.8. (continued) 
 
 
Figures 5.9a to g show the AFM topography (on the left) and phase (on the right) 
images of the wear tracks of pure PI, PI+0.05%NT, PI+0.1%NT, PI+0.2%NT, 
PI+0.5%NT, PI+1%NT and PI+2%NT when worn against Ti6Al4V alloy under dry 
conditions. This information was necessary in order to determine the internal and surface 
structure of the composite with change in nanotube concentration. Figs. 5.9a to g 
indicate that the nature of wear changes as the concentration of nanotubes increases. The 
wear track of pristine polyimide has regular abrasive wear grooves (Fig. 5.9a). The 
phase image indicates a fairly uniform phase throughout. Fig. 5.9b shows corrugations 
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within corrugations for PI+0.05%NT, the phase image being uniform. Fig. 5.9c shows 
abrasive wear grooves in the direction of sliding, as well as striations perpendicular to 
the sliding direction for the case of PI+0.1%NT. The wear track for 0.2%NT 
concentration has long pits created due to nanotube bundles being pulled out of the 
surface (Fig. 5.9d). The surface also seems to be somewhat porous. The surface of the 
wear track for 0.5%NT indicates larger pores with greater distance between pores than 
the sample with 0.2%NT (Fig. 5.9e). The wear track for the sample with 1%NT shows 
large abrasive wear grooves with signs of cracking (Fig. 5.9f). Finally, the wear track of 
the sample with 2%NT shows crystalline grains with inter-granular like cracks (Fig. 
5.9g). These images present interesting behavior that will be discussed in Chapter VI. 
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FIG. 5.9. Wear track of PI+NT against Ti6Al4V under dry conditions (AFM). 
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FIG. 5.9. (continued) 
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FIG. 5.9. (continued) 
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FIG. 5.9. (continued) 
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FIG. 5.9. (continued) 
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B. METALS FOR TOTAL JOINT REPLACEMENT 
Initial tests were conducted at high speed (2.5 cm/s) at a short linear 
reciprocating amplitude of 1mm in order to compare wear characteristics. The materials 
tested were chromium, tantalum, and niobium, all boronized for 4h. Tests were 
conducted under dry conditions using SBF as a lubricant. Tests on chromium boride 
were also conducted using water as a lubricant. 
The following information on boronized and pristine Cr has been published in a 
reference 152. The information has been included here in order to compare the 
tribological characteristics with similar metals. 
1. Pure and boronized chromium 
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FIG. 5.10. X-ray diffraction pattern of the unworn boronized Cr surface. 
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Figure 5.10 shows the diffraction pattern of the as received boronized Cr surface. 
There is a single phase of CrB present. Figures 5.11a and b are plots of the coefficient of 
friction (COF) against the number of cycles for pure and boronized chromium 
respectively, under three test conditions. The figures show values for one particular test. 
In the dry test (Fig. 5.11a), in the case of pure chromium, there is a well defined running-
in period with a maximum COF of 0.19. It then decreased and fluctuated around a value 
of approximately 0.1. In the case of dry chromium boride (Fig. 5.11b), the initial COF 
was approximately 0.15. It increased thereafter and reached a peak value of 
approximately 0.26 before decreasing to 0.21 at 25,000 cycles. It remained 
approximately at this value for the rest of the test. Boronized Cr therefore, had a higher 
average COF under dry sliding conditions than pure Cr. For tests with water, for pure Cr, 
the COF increased steadily from an initial value of 0.02 and stabilized after 23,000 
cycles at a value of approximately 0.12. In the case of chromium boride, the COF 
fluctuated between 0.06 and 0.09. For tests under SBF conditions, pure Cr had an initial 
break-in period after which the COF decreased and stabilized around 0.02, whereas for 
chromium boride the initial COF was 0.06 after which it decreased and stabilized at 
approximately 0.035. The COF under SBF conditions, therefore, was found to be the 
lowest for both material combinations. 
The SEM micrograph (Fig. 5.12a) for pure Cr under dry conditions shows that 
there is intergranular fracture on the surface. There is not much evidence of cracks, but 
there is evidence of flakes of delaminated material. For the SBF condition, both Cr and 
chromium boride (Fig. 5.12b) undergo abrasive wear as seen by the presence of grooves. 
 80
In the lower left part in Fig. 5.12b, there are some larger cracks found to form squares on 
the surface. This could be due to the SBF drying during SEM analysis resulting in 
material contraction (similar to mud cracking in dry weather). 
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FIG. 5.11. Coefficient of friction against number of cycles. 
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FIG. 5.11. (continued). 
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Further investigation was carried out using a TEM. Figure 5.13 shows images of 
debris for Cr and chromium boride tested under SBF conditions, with the diffraction 
pattern inserted. Under SBF conditions, there is a complex diffraction pattern (Figure 
5.13). The debris collected from SBF tests showed an interesting layer-like structure. If 
this layer-like structure existed during the friction experiments, it could have induced the 
low friction coefficient observed. 
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FIG. 5.12. SEM images of wear tracks (secondary electron, 15 kV, 39 mm WD). 
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FIG. 5.13. TEM image debris obtained from SBF condition tests. 
 
 
 
2. Boronized Niobium 
Frictional Behavior 
Figure 5.14 is a plot of the coefficient of friction versus time for the dry and SBF 
condition tests. The dry test condition indicates a definite run-in period after which the 
COF decreases and fluctuates between 0.24 and 0.36. There are spikes in the curve 
towards the latter part of the test. The COF curve for the SBF condition test has no 
running-in period. The initial COF is approximately 0.14, rises steadily and stabilizes 
around 0.2. There is a constant fluctuation in the COF throughout the test. 
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FIG. 5.14. Coefficient of friction vs. cycles for boronized niobium against E52100 steel. 
 
 
 
Surface Characteristics 
Figure 5.15 is an AFM image with the roughness values of the unworn boronized 
niobium surface. The average roughness was found to be greater than 200 nm. Fig. 5.16a 
is the wear track obtained in dry test conditions while Fig. 5.16b shows the wear track 
for the wet (SBF) condition. In Fig. 5.16a, it is seen that there are abrasive grooves that 
were introduced during the sliding tests. There is also indication of adhesive wear. In Fig. 
5.16b, there is indication of a ductile-like layer (with grooves), that are continuous. It is 
an indication of accumulated, compressed debris. The rest of the area has cracks. 
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FIG. 5.15. AFM image and roughness values of unworn boronized niobium surface. 
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FIG. 5.16. SEM image of boronized niobium wear track against E52100 (secondary 
electron, 15 kV, 39 mm WD). 
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FIG. 5.16. (continued). 
 
 
To understand these behaviors, we conducted X-ray crystallography analysis on 
the boride surfaces before and after the friction experiments. Fig. 5.17a is the X-ray 
diffraction pattern of as-received boronized niobium. It shows the existence of Nb, NbB2 
and NbB phases. Fig. 5.17b shows the spectra obtained on the debris generated from the 
dry and SBF tests, superimposed on the as-received surface pattern. There are peaks 
indicating the presence of oxides of Fe (Fe3O4, Fe2O3). The spectrum obtained from the 
debris generated during the SBF test indicates the presence of Niobium (V) oxide 
(Nb2O5). 
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FIG. 5.17. X-ray diffraction pattern. 
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In Fig. 5.18a, the TEM image of the debris obtained from the dry condition test 
shows mixed amorphous and crystalline structures. In Fig. 5.18b (TEM image of debris 
from the SBF condition test), the amorphous phase fraction is less than that of the dry 
tests. There are mixed crystalline phases possibly from the metals as well as from salts 
contained in the SBF. Detailed discussions will be carried out in the next chapter. 
 
 
10 nm 
FIG. 5.18. TEM of wear debris from dry and SBF tests (boronized niobium, 200 kV 
working voltage). 
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FIG. 5.18. (continued). 
 
3. Boronized Tantalum 
Frictional Behavior 
 Figure 5.19 is a plot of the coefficient of friction against time for tests conducted 
under dry and SBF conditions. For the dry test, there is a well defined running-in period 
where the coefficient of friction rises to a maximum value of approximately 0.44 at 1875 
cycles after starting the test. The friction coefficient decreased thereafter and stabilized 
at a value of approximately 0.34 for the rest of the test. For the test conducted under SBF 
conditions, there was no well defined run-in period. The coefficient of friction rose from 
zero to a value of approximately 0.4 in the first 1875 cycles of the test. It thereafter 
varied between 0.32 and 0.4. 
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FIG. 5.19. Coefficient of friction against cycles for boronized tantalum against E52100. 
 
 
Wear Track Analysis 
Figure 5.20 is an AFM image with roughness values of the unworn boronized 
tantalum surface. The average roughness was found to be ~107 nm. Figure 5.21 is the 
SEM image of the wear track on boronized tantalum for a test conducted under dry 
conditions. There are cracks on the wear track that are perpendicular to the sliding 
direction. Figures 5.22a and b are SEM images of the wear tracks for a test conducted 
under SBF conditions. Fig. 5.22a shows flakes of delamination due to subsurface 
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fracture. Fig. 5.22b shows inter-granular cracks formed due to possible tribochemical 
wear. 
 
 
FIG. 5.20. AFM image and roughness values of unworn boronized tantalum surface. 
 
 
 
 
FIG. 5.21. SEM image showing cracks perpendicular to sliding direction for dry test 
(boronized tantalum, secondary electron, 15 kV, 39 mm WD). 
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1 μm 5 μm 
b) 
Tribochemical wear 
FIG. 5.22. SEM image under SBF conditions (boronized tantalum, secondary electron, 15 
kV, 39 mm WD). 
 
 
X-ray Diffraction 
The x-ray diffraction pattern results are shown in Figs. 5.23a and b. Figure 5.23a 
is the spectrum obtained on the unworn boronized tantalum. Tantalum has three 
distinguishable peaks at ~38, 56, and 69 respectively. Figure 20b is the X-ray diffraction 
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pattern from the debris generated in dry and SBF conditions, superimposed on the 
pattern obtained on the as-received surface. Under dry condition, there is evidence of the 
existence of iron oxide (Fe2O3). Under SBF conditions, however, the types of oxides 
found were different, as shown in Fig. 5.23b. Here, peaks for sodium potassium borate 
(KNa2BO3) and TaO2 are clearly seen. 
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Fig. 5.23. X-ray diffraction pattern for boronized tantalum. 
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Fig. 5.23. (continued). 
 
 
Debris Analysis 
Figure 5.24a is a TEM micrograph of the wear debris generated under dry sliding 
conditions. There are agglomerated particles in the nanometer size range. The HRTEM 
image shows the presence of nanocrystals. The inset diffraction pattern shows rings 
formed by the nanocrystals present. 
Figure 5.24b is a TEM micrograph of the debris generated under SBF conditions. 
Here too there are nanometer sized agglomerated particles. The diffraction pattern shows 
even smaller grain sizes due to the continuous rings (nano-crystalline to amorphous). 
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FIG. 5.24. TEM image of wear debris from boronized Ta (inset: diffraction pattern, 200 
kV working voltage). 
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4. Comparison of wear and friction of Ti6Al4V, Ta, Nb, boronized Ta and Nb 
The wear tracks were analyzed when worn against a comparatively hard material 
E52100 in dry condition. The sliding speed chosen was 1.5 cm/s in order to closely 
simulate natural joint conditions. The sliding motion was linear reciprocating with an 
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amplitude of 3 mm. Simulated synovial fluid (SSF) was used as a lubricant. This 
information would more closely resemble natural joint implant conditions. 
Figures 5.25a to c are AFM images with roughness values of the unworn 
Ti6Al4V, pure niobium and pure tantalum surfaces respectively. Figs. 5.26a to c are 
plots of the coefficient of friction versus number of cycles. Figures 5.27a to e are 
corresponding AFM topography (left) and phase (right) images of the wear tracks of 
Ti6Al4V, Nb, boronized Nb, Ta and boronized Ta respectively, when worn against 
bearing steel E52100. In Fig. 5.27a, there is an indication of long, somewhat cylindrical 
particles on the surface. These particles would tend to roll and cause a varying COF as 
can be seen in the COF-cycles plot in Fig. 5.27a. After certain amount of particles 
accumulated, the friction coefficient stabilized at around 0.6. There are intermittent 
drops in the COF. Figure 5.27b shows the AFM topography and phase images of the 
wear track of Nb. There are typical abrasive wear grooves on the surface. The phase 
image indicates the presence of debris and grains of different phases. The phases could 
probably be oxides due to the increased temperature during sliding and reaction with air. 
The friction curve (Fig. 5.26b) indicates a typical run-in period until asperities on the 
surface are removed. After this, the COF varied between approximately 0.7 and 0.9. 
The wear track for boronized Nb (Fig. 5.26c) indicates a great amount of 
roughness. The phase image looks very uniform throughout. The friction curve indicates 
no run-in period. There is an initial increase in COF, followed by a gradual decrease 
after which it stabilized around 0.65 (Fig. 5.26b). 
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The plain Ta wear track indicates deep pits caused due to material pullout (Fig. 
5.27d). The phase image indicates the presence of two major phases. On the left is a 
phase present with pointed asperities. On the right, there are more rounded asperities 
with some indication of inter-granular-like fracture. The friction plot shows a clear 
running-in period after which the COF decreased and stabilized at approximately 0.7 
(Fig. 5.26c). 
The topography image of boronized tantalum (Fig. 5.27e) indicates the presence 
of cracks and flattened areas. The phase image is predominantly uniform except for the 
cracks that show up as a different phase due to tilting of the AFM probe. The friction 
curve for boronized Ta does not have a running-in period. There is a rise in COF to a 
value of approximately 0.7, right at the beginning and it remains at this value for some 
time. It later decreased and stabilized at a value of approximately 0.6 (Fig. 5.26c). 
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FIG. 5.25. AFM image and roughness values for Ti6Al4V alloy. 
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FIG. 5.25. (continued). 
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FIG. 5.26. Coefficient of friction against cycles. 
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FIG. 5.26. (continued). 
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FIG. 5.26. (continued). 
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FIG. 5.27. AFM topography (L) and phase (R) images of wear track. 
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FIG. 5.27. (continued). 
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FIG. 5.27. (continued). 
 
 
Figure5.28 illustrates the average coefficient of friction for Nb, Boronized Nb, 
Ta boronized Ta, and Ti6Al4V alloy when articulated against UHMWPE in the presence 
of SSF. There is not much variation in the average COF among these materials and 
varied around 0.1. There were four tests conducted for each material. Detailed 
discussions on tribological mechanisms will be conducted in the next chapter. 
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FIG. 5.28. Average coefficient of friction of tested metals against UHMWPE. 
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CHAPTER VI 
DISCUSSION 
A. POLYMER COMPOSITE FOR TISSUE ENGINEERING 
In Chapter I, the positive biocompatibility of PTMC and suitable adhesion of 
chondrocyte cells were discussed. The greatest drawbacks of tissue culture of cartilage 
are insufficient mechanical strength of the scaffold material and generated tissue, and 
weak bonding to the underlying bone. The pristine PTMC samples that were subjected to 
nanoindentation tests were too weak for consideration and could not withstand loads of 
over 50 μN without catastrophic deformation. In Fig. 5.3b, we observe a scanned area of 
approximately 10 μm2 of the surface of a PTMC that was mixed with hydroxyapatite 
(HAP) polymer and multi walled nanotubes, prior to polymerization. This composite 
was able to withstand nanoindentation loads of 200 μN and the deformation was similar 
to that of cartilage. The coefficient of friction was also fairly low when articulated 
against cartilage. The final surface obtained has protrusions (probably hydroxyapatite) 
upto a maximum height of ~400 nm. The HAP particles are not evenly spread over the 
surface. Adequate mixing prior to and during polymerization could help evenly 
distribute the polymer. These protrusions of HAP can possibly enable bone growth when 
the polymer is implanted in the place of cartilage. There is also a nanotube-like structure 
that is coming out of the PTMC and lying along the surface. Surface functionalization of 
nanotubes can render them hydrophilic, similar to natural cartilage. This can enhance the 
water and nutrient absorption property of the cartilage for cell culture. The nanotubes 
also have damping characteristics (being hollow). The sliding behavior of nanotubes 
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over different materials can be different. In the case of our generated composite, the 
coefficient of friction was rendered fairly low possibly due to the combination of the 
different surface interactions and damping behavior of the nanotubes. The mechanical 
strength also showed adequacy for cartilage implants. The strength and friction 
properties showed an improvement over conventional total joint replacement polymer 
UHMWPE. The degradation rate can be modified by changing the crystallinity of the 
bulk PTMC and by changing the reactivity on the nanotube surface. Carbon nanotubes 
have shown sufficient biocompatibility and hydroxyapatite forms a major proportion of 
the mineral content of bone. 
Fig. 5.2 shows the average friction coefficient obtained for each material against 
articular cartilage. The lowest coefficient of friction was obtained for cartilage from the 
femoral condyle against cartilage from the tibial plateau (0.0525). PTMC+HAP+NT had 
the next lowest average friction coefficient (0.06). Cartilage against UHMWPE had the 
highest friction coefficient (0.1075). This gives an indication that surface properties of 
polymers can be varied to bring the friction coefficient close to that of natural joints. A 
major drawback of the test was the fixation of polymeric materials to the subchondral 
bone with superglue. As these were not in vivo experiments, we could not implant the 
material and test for bone ingrowth. 
Nanoindentation force-distance curves (Fig. 5.1) show that PTMC+HAP+NT has 
an elastic behavior similar to that of cartilage though cartilage proved to be stiffer. 
UHMWPE showed a much softer response, with higher deformation, than any other 
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material while subchondral bone was the stiffest. This indicates that our composite 
material is not likely to provide stress shielding effects if implanted.  
Variation of PTMC molecular weight and/or crystallinity can alter its 
degradation rate and optimize it for cell growth applications. The compressive modulus 
and strain of cartilage obtained can be compared with that obtained from other research 
studies of cartilage and of future developed biomaterials. Items for future work leading 
from this research would be to control the distribution of component material, alignment 
and functionalization of nanotubes and possible cell attachment and growth tests on and 
within the composite material. 
B. POLYIMIDE-SWNT COMPOSITE 
The goal of replacing UHMWPE as a component in joint arthroplasty requires 
the development of a material that possesses its benefits as well as exhibits fewer of its 
drawbacks. It is required to have a biomimetic, biocompatible material that possesses a 
low wear rate and whose wear particles are well taken care of by the body’s immune 
system. Polyimides have proven to be biocompatible. They also possess high mechanical 
and thermal strength and are thus used to replace metals in various applications. Being a 
polymer, it is also deformable and its properties can be tailored during synthesis. Single 
walled carbon nanotubes have a diameter in the nanometer range and a length in the 
micron range. They may therefore suitable for replacing natural fibers such as collagen 
or provide reinforcement to weak tissue. They also possess high thermal conductivity 
and mechanical strength. 
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The combined advantages of polyimides and nanotubes were investigated. 
Nanoindentation tests on polyimides combined with different weight percentages of 
SWNTs exhibit an interesting trend (Figs. 5.5 and 5.6). The contact stresses on a natural 
cartilage surface within a joint, under bulk investigation, are in the range 3 to 20 MPa 153, 
154. The stresses obtained from nano-indentation are highly localized and orders of 
magnitude higher than the bulk values. The deformation during the dwell period is 
higher for the pristine PI sample as compared to the PI + NT samples. This indicates that 
the viscoelastic response of the composite surfaces is lower than that of the pure PI 
surface. This can be due to the effect of PI-NT and NT-NT surface interactions. 
However, the deformation during varying stress is higher for the composite samples than 
for the pristine PI sample.  
In order to compare the stiffness of PI + NT samples on a single plot, the change 
of stress per nanometer indentation depth was calculated as the slope of the loading 
region of the respective curves in Fig. 5.5, at an indentation depth of 75 nm, and plotted 
(Fig. 6.1). It is seen that the stress change per nm indentation depth is the highest for 
pristine PI. It decreases to a minimum at approximately 0.2% NT concentration, and 
thereafter increased and stabilized. This plot can be modeled as: 
                                                      Eρ = Ax2+Bx+C,                                                       (3) 
Where Eρ is the stress change per unit indentation depth and x is the %NT concentration 
in PI. A, B, and C are coefficients. The following table gives the values of A, B, and C 
for different values of x and Eρ obtained empirically. Eρ has the units of force/volume 
and hence can be defined as the ‘specific force’. 
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FIG. 6.1. Stress change per nm indentation versus %NT in PI 
 
 
TABLE 5.1. Nanotube concentration, specific force, and modeled coefficients. 
x Eρ  A  B  
(x 1010 MN/m3) (x 1010 MN/m3) (x 1010 MN/m3) 
C  
(x 1010 MN/m3) 
0 5.875 Any value Any value 5.875 
0.05 0.6 -20 -80 5.875 
0.075 0.5 -20 -55 5.875 
0.2 0.55 -18 -18 5.875 
0.5 0.8 -11 -2.9 5.875 
2.0 0.9 -1 -0.075 5.875 
 
It is seen that the coefficients A and B can take on any value when %NT =  0, 
and the remaining constant C takes on the value of Eρ (which is 5.875). As the %NT 
increases, the values of coefficients A and B increase (keeping C constant), but remain 
negative. The value of A increases at a slower rate than B and the values are identical at 
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0.2%NT (minimum stress change point).   The change in the value of these coefficients 
can be attributed to the different surface interactions, and nanotube deformation taking 
place within the composite. The increase in deformability at a certain NT percentage 
followed by subsequent decrease indicates that the behavior of PI+NT composites can be 
tailored by varying the NT concentration. UHMWPE proved to be much softer than 
cartilage or the PI+NT during the early stages of loading but showed an opposite trend at 
higher loads. This behavior could be a cause for the discomfort felt by patients having 
UHMWPE joint implants. The minimum in the COF (Fig. 5.7), occurs at a %NT 
concentration in the same range as the minimum in stress change per nm. (0.2-0.5%NT). 
The AFM images (Figs. 5.9e and f) indicate a transition from amorphous to a crystalline 
structure at these %NT concentrations. This indicates that a semi-crystalline 
configuration leads to a minimum in COF. Fig. 5.9 compares the COF trend vs. NT 
concentration for three different regimes indicated. PI-cartilage combination had the 
lowest COF. At lower NT concentrations, there was not much difference in the COF 
under dry and SSF conditions against Ti6Al4V. At higher concentrations however, as 
expected, the COF for the dry condition was higher. In both cases, the minimum COF 
occurred at %0.5 NT concentration. In Fig. 5.10a, we can see that SWNTs exist in the 
form of agglomerated bundles. The resulting dimensions of a bundle are much larger 
than that of individual nanotubes. This can affect the mechanical and tribological 
properties of the composites. The sliding behavior between two nanotubes and nanotube 
and PI are most likely to be different due to the different morphologies and chemical 
structures. In Figs. 5.10b and 5.10c we can see that the nanotubes act as tear arresters. 
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The nanotubes show good bonding with the surrounding PI and the PI tears more easily 
around the nanotubes. This indicates that proper distribution of nanotubes and in a 
specific orientation can lead to reduced wear of the composite surface. Coming to the 
AFM images, there is again indication of a difference for NT concentrations of 0.2 and 
0.5% compared to other concentrations, with respect to the wear pattern. Pristine PI 
shows typical abrasive wear grooves with certain amount of adhesive tearing, leading to 
tears standing more or less vertically on the surface. For 0.05%NT, there are abrasive 
grooves as well as mild striations perpendicular to the sliding direction. These striations 
are possibly caused due to folding of the polymer due to compression of the surface 
layer and/or crystallization in that direction. In the case of 0.1%NT, these striations are 
more pronounced. This indicates that the nanotubes cause the polymer chains to orient in 
the direction perpendicular to sliding. For 0.2% and 0.5%NT, the surfaces tend to be 
much softer (due to the lower mV. Values in the phase image), with a pit-like 
appearance on the surface. The maximum height variation is also much lower, in the 
range 40 to 60 nm. Fig. 11d. indicates long trenches possibly left behind by nanotubes 
being pulled out of the surface. This could be due to the increased softness of the 
polymer allowing the nanotubes to tear out. For 0.5%NT, the pits seem to be larger than 
for 0.2%NT. Figs. 10f. and g indicate more brittle like surfaces for 1% and 2% NT 
concentrations with a metal grain-like structure for 2%NT. 
From the above discussion, we can conclude that at a percentage NT 
concentration in the range 0.2 to 0.5 wt. %, PI-NT composites have a unique behavior. 
Overall, there is a transition from a harder but ‘not very brittle’ surface character at 
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lower concentrations, to a soft, highly deformable character at 0.2 to 0.5%NT, followed 
by a hard and brittle character at higher concentrations. The effects of nanotubes lie not 
only in strengthening the polymer, but also in their mutual surface interactions and 
deformability. Interactions between nanotubes are of two forms, as shown in Figs. 6.2 
and 6.3. Undeformed nanotubes can absorb the impacts of loads and also slide against 
each other (as there is no chemical bond between adjacent nanotubes). At higher 
nanotube concentrations, the surface tends to be more crystalline due to the orientation 
of groups of nanotubes in the same direction. The nanotubes also tend to get compressed 
to the limit (Fig. 6.3) and are not able to absorb applied loads. This leads to high loads 
on the interacting surfaces and an increase in COF. At low %NT concentrations there is 
insufficient sliding between nanotubes and therefore the COF is high. 
 
 
FIG. 6.2. Interfacial sliding of undeformed nanotubes 
 
 
These characteristics of nanotube deformability and surface interactions can 
cause the friction and modulus trend noticed. In the range 0.2% to 0.5% NT 
concentration, there could be high efficiency of sliding and deformability leading to the 
low values of modulus and COF. The nanotubes are strongly attached strongly to the PI 
 113
matrix (as seen in Figs. 5.8b and c) and there is assumed to be negligible sliding between 
the nanotubes and PI. 
 
 
FIG. 6.3. Interfacial sliding of deformed nanotubes 
 
 
C. METALS FOR TOTAL JOINT REPLACEMENT 
1. Chromium and boronized chromium 
Friction and Wear 
Analysis of Fig. 5.13a suggests that asperity removal requires greater energy than 
under lubricated conditions for pure Cr. Fig. 5.14a shows fatigue failure along with some 
material transfer. Large fluctuations in the friction coefficient are possibly due to a stick-
slip phenomenon. For boronized Cr there is indication of fatigue failure at and below the 
surface, leading to flakes coming off the surface and forming debris. This is due to the 
brittle nature of the ceramic CrB phase (Fig. 5.12). Under SBF conditions, the run-in 
period is much smaller and so is the COF during this period for pure Cr. The low COF 
with SBF is probably caused due to the presence of ions which could adhere to the 
surfaces and also react with the surfaces. Figure 5.14b indicates that the wear mode is 
mostly abrasive. For boronized Cr under SBF conditions also the friction coefficient is 
low. Fig. 5.14b suggests that there is abrasive wear as well as cracking (similar to mud 
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drying in dry weather). A closer look at the debris from the SBF tests (Fig. 5.15) 
indicates that there is a layer like structure present. This layer-like structure is possibly 
the cause for the low COF under SBF conditions due to the ease of sliding of one layer 
over the other. In order to determine the effectiveness of SBF as a lubricant, water was 
used as a comparison. The COF under water conditions for both Cr and boronized Cr 
was in between that of dry and SBF conditions. This indicates that the ions present in 
SBF are effective in decreasing the COF. Figure 5.13a indicates that pristine metal Cr 
has a definite running-in period under dry conditions whereas with a lubricant, there was 
no running in period. Fig. 5.13b indicates that boronized Cr had no running in period 
under all conditions. This indicates that boronizing of the surface causes a more gradual 
wear of the surface as compared to the pristine metal. Under SBF conditions, the COF 
was in a range acceptable for total joint replacements. These results show promise that 
Cr and its boronized counterpart could possibly be used as a total joint replacement 
material as far as tribological behavior is concerned. However, cracking of the surface 
does not indicate good mechanical characteristics. Further investigations into the wear 
particle size and biocompatibility are required to confirm suitability of these materials 
for joint replacements. 
2. Boronized niobium 
 
 
 
TABLE 6.1 Properties of Nb, boronized Nb and E52100 155, 156
 Nb Boronized niobium E52100 
Vicker’s hardness (HV) 110 2500 848 
Elastic Modulus (GPa) 103 650 210 
Density (g/cc) 8.6 6.88 7.81 
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Table 6.1 displays the hardness, modulus and density values of the tested 
materials. The hardness of boronized niobium is more than 20 times that of pristine Nb 
while it is approximately 8 times that of E52100 steel. It would be expected that wear of 
E52100 is faster than that of boronized niobium and slower when compared with 
niobium. Although the density of these three materials appear to be in the same range, 
the hardness and modulus of boronized niobium is much higher than those of E52100 
and pure niobium. However, this high hardness is associated with greater brittleness and 
hence the crack development on drying (Fig. 5.18b). Moreover, the extent of boronizing 
and the hardness decrease with depth from the surface, into the material 157. Fig. 5.18a 
indicates that E52100 steel tends to stick to the boronized niobium surface causing 
adhesive wear, under dry sliding conditions. From X-ray diffraction results (Fig. 5.19b) 
it can be seen that oxides of iron and Nb form. Under SBF conditions, there is evidence 
of only the oxide of Nb (Nb2O5) within the debris. This is the likely ductile layer phase 
on the surface (Fig. 5.18b). In SBF conditions, the temperature at the interface is likely 
to be lower due to evaporation and convection of the SBF. The temperature is likely to 
be too low for the formation of iron oxides. In order to determine exact chemical 
reactions taking place, in-situ techniques of phase and temperature determination is to be 
developed and incorporated. The adhesive wear mode (Fig. 5.18a) confirms the stick slip 
like friction pattern observed (Fig. 5.16). The removal of the running-in period in the 
SBF condition (Figure 5.16) indicates that the surface asperities are more easily removed 
or are rendered softer. Comparing with the SEM images of Figs. 5.18a and b, under dry 
conditions, there are abrasive grooves caused by harder surfaces and wear debris. Under 
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SBF conditions, there are ductile-like flattened patches with wear grooves interspersed, 
with brittle patches containing cracks. This is an indication of possible tribo-chemical 
reactions taking place under SBF conditions due to combination of the ions present and 
the temperature rise due to friction. TEM images show amorphous like debris (particles 
as well as diffraction pattern) for the dry test. Fig. 5.20a shows a complex crystalline 
diffraction pattern and layered like debris particles. The friction coefficient under SBF 
conditions is still too high for consideration for a metal on metal prosthesis. Articulating 
against a polymeric or ceramic material may show more promise. 
3. Boronized tantalum 
 
TABLE 6.2 Properties of Ta, boronized Ta and E52100 
 Ta Boronized tantalum E52100 
Vicker’s hardness (HV) 156 3419 848 
Elastic Modulus (GPa) 186  210 
Density (g/cc) 16.6  7.81 
 
In the case of boronized tantalum too, we find a definite running in period for the 
dry condition test. The running in period was eliminated in the presence of SBF, but 
amazingly the COF rose to a value higher than that under dry sliding conditions. The 
lower friction coefficient under dry conditions corresponded with a more crystalline 
debris as indicated in the TEM images (Fig. 5.26a). From X-ray diffraction results (Fig. 
5.25a), Ta did not react with the boron atoms that diffused into the surface. Under dry 
conditions the most prominent peak was that of Fe3O4, caused by the reaction of iron in 
E52100 with air. Under SBF conditions, the prominent peaks were of reaction products 
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from the boronized tantalum surface. Sodium Potassium Borate (KNa2BO3) formed due 
to reaction of the ions in SBF with unreacted boron atoms in the boronized surface and 
oxygen. There was also a peak that corresponded with tantalum oxide (TaO2). The lower 
oxygen percentage could be a result of shielding of atmospheric oxygen by the SBF. 
SEM images indicated brittle cracks formed under dry conditions whereas delamination 
and intergranular cracks formed under SBF conditions. The intergranular cracks are 
lined bright probably due to charging caused by interaction of electrons with reaction 
products. These findings do not show boronized tantalum as a promising material for 
joint replacements. The dry test showed a more crystalline diffraction pattern from the 
debris as compared to the SBF condition. 
The above discussion behavior of boronized metals and pristine Cr can be 
summed up that higher friction coefficients correspond with the generation of more 
amorphous debris. Except for the case of boronized Cr, the friction coefficients are too 
high for the materials to be considered as metal on metal joint replacements. All the 
boronized surfaces underwent cracking due to the brittle-like ceramic surface. 
4. Comparison of wear and friction of Ti6Al4V, Ta, Nb, boronized Ta, boronized 
Nb 
Towards the latter stages of this research, available test conditions and test 
materials enabled the comparison of Ta, Nb, boronized Ta, and boronized Nb with 
current orthopedic metal alloy Ti6Al4V. All materials were tested against E52100 with 
simulated synovial fluid (SSF) between surfaces and at body temperature (37 oC). The 
test speed chosen was 1.5 cm/s. Fig. 5.23a indicates that the COF curve for Ti6Al4V is 
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bereft of a running in period. This indicates that the asperities are easily removed. The 
wear particles (Fig. 5.28a) are somewhat cylindrical in shape and could probably roll 
between the contact surfaces causing the fluctuation in COF during the test (Fig. 5.28a). 
In the case of pristine Nb, there is a definite running in period indicated in Fig. 5.28b. 
The corresponding AFM images (Fig. 5.29b) indicate the presence of polycrystalline 
(phase) debris particles on the surface. This is supportive of the running in period. 
Boronized Nb did not have a running period indicated in the COF curve. The topography 
image shows a crack on the surface while the phase is very uniform. Pristine tantalum 
also had a well defined running in period indicated in the COF plot (Fig. 5.28c) whereas 
boronized Ta didn’t. There is presence of different phases (Fig. 5.29d) on the wear track 
surface of Ta. Boronized Ta had cracks on its wear track (Fig. 5.29e) and the phase 
appears uniform. These results indicate that boronizing the surface gets rid of a running 
in period and renders a uniform phase on the surface under metal to metal wear 
conditions.  
 Finally, the above mentioned metals were tested against UHMWPE at 
physiological temperatures and speeds. There is not much difference in the friction 
coefficient for the different metals. No improvement or drawbacks of Nb, boronized Nb, 
Ta or boronized Ta over Ti6Al4V can be encountered from friction tests alone. Future 
tests on wear extent on UHMWPE and possible phase transformations will enlighten us 
further into the replacement of Ti6Al4V alloy with these novel metals and their 
boronized counterparts. 
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CHAPTER VII 
CONCLUSIONS 
 This thesis investigated the tribological behavior of two groups of biomaterials 
on regarding three major aspects. The first was to study the failure mechanisms of joint 
prostheses using a tribology approach combined with careful surface characterization 
(boronized metals). The wear debris were generated and analyzed. The second part was 
to study the surface-property relationships of bio-tribomaterials. Approaches include 
comprehensive study of polymer-based hybrid materials as well as metals with coatings. 
This effort leads to the development of a methodology of bio-tribomaterials 
characterization and a new understanding of the surface properties of these materials. It 
was found that the surface properties play a significant role in bio-tribological 
applications, particularly for a surface like cartilage. The third part was to investigate the 
tribological behavior, in terms of friction, wear, and nanomechanical properties. The 
competing mechanisms in surface adhesion, component sliding and bulk elastic 
properties were found. A new friction mechanism was proposed.  
A. SUMMARY OF BIOMATERIAL PROPERTIES 
To summerize the materials studied, some of them can be used for future joint 
repair as far as mechanical and tribological characteristics are concerned.  
 The composite material formed by combining PTMC with hydroxyapatite and 
CNTs showed improved strength and friction over cartilage. The improved strength - 
load bearing and frictional properties are basic factors required of a cartilage tissue 
engineering scaffold. For future biological applications, its degradation rate and 
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biocompatibility need to be determined. Liquid absorption, porosity and cell adhesion 
studies are suggested to be carried out. 
 The PI+NT composites showed improved performance over UHMWPE. The 
nanomechanical properties are close to that of cartilage. Changing the concentration of 
nanotubes resulted in different tribological properties. Alignment and functionalization 
of the nanotubes can lead to tailored properties that can improve in vivo interaction with 
tissue, enzymes and synovial fluid. Future mathematical and finite element modeling 
would be useful in tailoring desired properties. 
 The pristine and boronized refractory metals represented different friction and 
wear mechanisms over Ti6Al4V. It was found that using the boron coating, different 
types of debris can be generated. This leads to a new approach in joint replacement: less-
harmful debris can be used to extend the service life. Further more, it was discovered 
that the tribochemical reactions modify the frictional behavior of joint materials. 
B. CONTRIBUTIONS TO FUNDAMENTAL UNDERSTANDING OF 
TRIBOLOGICAL AND BIOMIMETIC PERFORMANCE   
1. Nanomechanical properties 
The load-deformation properties of surfaces of potential biomaterials was 
determined. The relationship between stress and indentation depth was determined for PI 
+ nanotube composites. The specific force Eρ, (MN/m3) was determined and 
corresponding coefficient of these properties are apparently important in understand the 
behavior of nanostrucred materials. 
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2. Interfacial properties of a nanocomposite 
The friction and deformation behavior of PI + NT composite surfaces were found 
to be associated with three possible interfacial interactions. They are NT-PI, NT-NT and 
NT-deformed NT interactions. This theory is useful for future bio-nanomaterial design. 
3. Debris formation and wear mechanisms 
The study of refractory metals and boronized refractory metals provided useful 
information on the failure and wear mechanisms. Useful information on the material 
reactions was also obtained. This information provides the ability to predict the chemical 
reaction mechanisms of the surfaces and debris formation mechanisms. In general, it 
opens several new areas of research for biomaterials development. 
C. FUTURE SUGGESTIONS 
 The methodology developed in this thesis research in biomaterials 
characterization can be applied for future investigations. All material groups can be 
applied.  
 Interface investigation of synthetic materials with cells and biological systems is 
suggested for the next step. This will lead to the understanding of biocompatibility. 
 Using coatings can decrease friction, increase wear resistance, and further 
eliminate the formation of wear debris or make it less-harmful. 
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